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SUMMARY 

A c u r v e - f i t t i n g  technique is  developed which is  u s e f u l  i n  t he  r ep resen ta t ion  of 
no ise  sources .  Noise from a given source i s  t abu la t ed  i n  a s p h e r i c a l  coordinate  
system a t  a f ixed  r ad ius  from the  o r i g i n .  The noise ,  represented by mean-square 
pressure  o r  by sound p res su re  l eve l ,  i s  then a func t ion  of frequency, po lar  d i r ec -  
t i v i t y  angle ,  and a number of parameters which r ep resen t  t he  phys ica l  p rope r t i e s  of 
t h e  source. The dependence of t he  noise  on the  frequency and d i r e c t i v i t y  va r i ab le s  
is represented by h icubic  s p l i n e s .  A least-squares  b i cub ic  s p l i n e  f i t  is  made t o  
noise  da t a  from each tes t  of t he  source t o  f i n d  values  of t he  noise  da t a  a t  t he  
knots ,  o r  nodes, of a frequency-angle computational g r i d .  The a r r a y  of noise  values  
a t  these  g r i d  po in t s  i s  c a l l e d  noise  coordinates .  These coordinates  a r e  a s soc ia t ed  
with the  parameters which desc r ibe  the  state of t he  noise  source;  t h a t  i s ,  the  coor- 
d i n a t e s  a r e  func t ions  of t he  t e s t  parameters. The f u n c t i o n a l  dependence of t he  coor- 
d i n a t e s  on the  tes t  parameters is  represented by a Taylor ' s  s e r i e s  expansion of t h e  
coord ina tes  i n  terms of the  parameters. The c o e f f i c i e n t s  i n  t he  Taylor ' s  s e r i e s ,  
which a r e  p a r t i a l  d e r i v a t i v e s  of the  coordinates  with r e s p e c t  t o  the  var ious param- 
e t e r s ,  a r e  found by a leas t - squares  f i t  t o  da t a  from d i f f e r e n t  t e s t s  of the  noise  
source.  

The method i s  appl ied  t o  the  p red ic t ion  of coax ia l  j e t  noise.  The j e t s  a r e  
axisymmetric so t h a t  a b icubic  s p l i n e  may be used t o  r ep resen t  the  frequency and 
d i r e c t i v i t y  dependence. The frequency v a r i a t i o n  is represented  by f i v e  i n t e r v a l s  
with n a t u r a l  (zero-curva ture)  boundary condi t ions .  The d i r e c t i v i t y  v a r i a t i o n  i s  a l s o  
represented by f i v e  i n t e r v a l s  bu t  with zero-slope boundary condi t ions.  This b icubic  
s p l i n e  has 36 degrees of freedom o r  coord ina tes .  There are f i v e  independent param- 
e t e r s ,  o r  dimensionless groups, which represent  t he  flow s t a t e  of a coax ia l  j e t .  
Each of the  36 coord ina tes  of t he  b icubic  s p l i n e  is  represented  by a third-degree 
Taylor ' s  series i n  t he  5 j e t  parameters. These Taylor ' s  s e r i e s  each have 56 inde- 
pendent t e r m s ,  inc luding  the  cons t an t  f o r  the  o r i g i n  of the  expansion. Data from 
over 540 j e t  noise  tests w e r e  c o l l e c t e d  t o  so lve  f o r  t he  c o e f f i c i e n t s  of the  Taylor ' s  
s e r i e s .  This da ta  base suppl ied over 540 equat ions i n  56 unknowns f o r  each of t h e  
36 coordinates .  These s e t s  of equat ions were solved i n  t h e  least-squares  sense t o  
produce a seven-dimensional curve f i t  t o  t he  j e t  noise  d a t a  base: two dimensions f o r  
t he  s p l i n e  and f i v e  dimensions f o r  t he  Taylor ' s  series. 

INTRODUCTION 

The purpose of t h i s  paper i s  t o  develop an empi r i ca l  method f o r  source noise  
p red ic t ions .  The method is genera l  i n  the  sense t h a t  it may he appl ied  t o  any source 
f o r  which measured noise  da t a  a r e  ava i l ab le .  This method is  l imi ted  he re in  t o  noise  
sources with an axis  of symmetry. Extending the  method t o  sources  without symmetry 
is  poss ib l e  with only a s m a l l  conceptual  change, b u t  t h e r e  w i l l  be an increased 
requirement f o r  da t a ,  da t a  reduct ion,  and computation. 

This method was developed f o r  app l i ca t ion  t o  a i r c r a f t  no ise  pred ic t ion .  The 
NASA A i r c r a f t  Noise P red ic t ion  Program ( r e f .  1 )  conta ins  empir ica l  methods f o r  no i se  
sources  on convent ional  turbofan a i r c r a f t .  The p r i n c i p a l  a i r c r a f t  noise  sources  a r e  
the  jets, the  engine f ans ,  and the  engine combustion chambers. The secondary a i r -  
c r a f t  no ise  sources  are the  engine tu rb ines  and the  airframe. The a i r c r a f t  engine 



sources  are a l l  assumed t o  be axisymmetric. The a i r f rame noise  is  probably not  ax i -  
symmetric; however, t he re  are no t  enough da ta  t o  de f ine  conclus ive ly  the  d i r e c t i v i t y  
of t h i s  source. Since a i r f rame noise  is  usua l ly  less than engine noise ,  it is f r e -  
quent ly  assumed t h a t ,  i n  the  f a r  f i e l d ,  t he  noise  from the  e n t i r e  a i r c r a f t  is  ax i -  
symmetric. The method given he re in  can  thus  be app l i ed  e i t h e r  t o  the  a i r c r a f t  com- 
ponent no ise  sources  o r  t o  the e n t i r e  a i r c r a f t .  

Empirical  p red ic t ion  methods have th ree  p r i n c i p a l  f e a t u r e s :  a p red ic t ion  of t he  
o v e r a l l  noise ,  a p red ic t ion  of the  d i r e c t i o n a l i t y  of the  noise ,  and a p red ic t ion  of 
t h e  spectrum of the  noise .  These f e a t u r e s  appear i n  each of t he  a i r c r a f t  component 
p red ic t ion  methods given i n  re ference  1.  The genera l  s i m i l a r i t y  of empir ica l  pre- 
d i c t i o n  methods f o r  phys ica l ly  d i f f e r e n t  no ise  sources ,  such a s  an a i r c r a f t  engine 
fan  and a je t ,  suggests  t h a t  a genera l  formula can be given without r e f e r r i n g  t o  the  
p a r t i c u l a r  phys i ca l  f e a t u r e s  of t he  noise  source. The gene ra l  formula is  developed 
i n  t h i s  paper. 

An empir ica l  p red ic t ion  method must g ive  an accu ra t e  desc r ip t ion  of the  noise  
f o r  a l l  poss ib l e  s t a t e s  of the  source.  For a p a r t i c u l a r  source,  i ts  s ta te  i s  
descr ibed by va r i ab le s  such a s  speed, temperature,  and pressure .  These state va r i -  
ab l e s  are c a l l e d  parameters t o  d i s t i n g u i s h  them from o t h e r  va r i ab le s ,  such a s  f r e -  
quency and d i r e c t i o n ,  which a r e  a s soc ia t ed  with the  noise  f i e l d  bu t  no t  with the  
state of the  source.  Most noise-producing machines opera te  over a l imi t ed  range of 
s t a t e  t h a t  i s  not  f a r  removed from a common s t a t e  c a l l e d  the  design poin t .  This 
l imi ted  range makes it poss ib l e  t o  develop a genera l  empir ica l  method f o r  source 
no i se  p red ic t ion .  

An empir ica l  p red ic t ion  method gives  the  noise  f i e l d  i n  terms of the  source 
parameters,  o r  source s t a t e ,  and t a b l e s  of cons tan ts  which a r e  uniquely r e l a t e d  t o  
the  noise  source.  For example, j e t  noise  may be p red ic t ed  with a set  of noise  spec- 
trum curves ( f u n c t i o n s ) .  These curves a r e  usua l ly  given g raph ica l ly ;  however, f o r  
p red ic t ions  with a d i g i t a l  computer, these  graphs a r e  converted t o  t a b l e s  which are 
i n t e r p o l a t e d  t o  give the  spectrum funct ions  ( cu rves ) .  Reference 1 conta ins  t a b l e s  of 
cons tan ts  f o r  t he  turbofan-powered a i r c r a f t  noise  sources .  These t a b l e s  o f t en  con- 
t a i n  seve ra l  thousand cons tan ts .  

The t a b l e s  used i n  an empir ica l  p red ic t ion  method a r e  the  end product of a data-  
reduct ion process  which begins with measured source s ta te  and noise  f i e l d  da ta .  The 
d a t a  t a b l e s  used i n  t he  p red ic t ion  method may be regarded a s  a l t e r n a t e  forms of the  
o r i g i n a l  da ta .  Emphasizing the word "reduct ion" i n  the  data-reduct ion process  
impl ies  t h a t  t he  sma l l e s t  poss ib l e  t a b l e s  a r e  des i r ed  as a b a s i s  f o r  empir ica l  noise  
p red ic t ion .  One method of achieving the goal  of smal le r  t a b l e s  is t o  use higher-  
order  i n t e r p o l a t i o n  schemes. Referr ing again t o  the  example of j e t  noise ,  the  t a b l e s  
given i n  re ference  1 a r e  intended f o r  l i n e a r  i n t e r p o l a t i o n .  By using a higher  order  
i n t e r p o l a t i o n  scheme, such a s  cubic  s p l i n e s ,  these  t a b l e s  may be reduced i n  s i z e ;  
t h a t  i s ,  they may be converted t o  equiva len t  t a b l e s  with fewer e n t r i e s .  The se l ec -  
t i o n  of i n t e r p o l a t i o n  r u l e s  i s  the  f i r s t  s t e p  i n  e i t h e r  empir ica l  p red ic t ion  or da ta  
reduct ion.  Empirical  p red ic t ion  and da ta  reduct ion a r e  inve r se  processes  with common 
i n t e r p o l a t i o n  r u l e s .  

, 

The goal  of empir ica l  source noise  p red ic t ion  is  t o  compute a no ise  f i e l d  which 
is  c lose  t o  the  measured da ta .  A mathematical norm is  s e l e c t e d  t o  give o b j e c t i v i t y  
and p rec i s ion  t o  the  concept of c loseness .  This  ob jec t ive  d e f i n i t i o n  of c loseness  
may be used t o  compare d i f f e r e n t  p red ic t ion  methods such a s  a t h e o r e t i c a l  p red ic-  
t i o n  and an empir ica l  p red ic t ion .  It i s  used f i r s t ,  however, i n  t he  data-reduct ion 
process i n  computing the  t a b l e s  of cons tan ts .  The c l a s s i c a l  norm of d i s t ance  squared 

2 



i s  used herein.  This  norm has t h e  advantage of lead ing  t o  l i n e a r  equat ions i n  t h e  
data-reduct ion process. The r e s u l t i n g  p r e d i c t i o n  method is s a i d  t o  be best i n  t h e  
leas t - squares  sense.  

The basic elements of t h e  p r e s e n t  empirical method may be summarized now. The 
method uses leas t - squares  curve f i ts  t o  measured d a t a .  The i n t e r p o l a t i o n  r u l e s  are 
cubic  s p l i n e s  for n o i s e  f i e l d  v a r i a b l e s ,  such as frequency and d i r e c t i o n ,  and Taylor ' s  
series approximations for  source parameters. Taylor ' s  series are appropriate fo r  
source  parameters s i n c e  t h e s e  do n o t  vary f a r  f r o m  some s tandard  source s t a t e  values.  
The s p l i n e s  are necessary for f i e l d  variables s i n c e  they have a l a r g e r  range of 
values.  

The method h e r e i n  i s  i l l u s t r a t e d  with a p p l i c a t i o n  t o  t h e  t u r b u l e n t  mixing noise  
of s ta t ic  subsonic  c o a x i a l  jets. The flow s t a t e  of a c o a x i a l  j e t  is a func t ion  of 
f i v e  source parameters. These source parameters can be chosen from a l a r g e  group of 
interdependent  parameters. Many j e t  noise  t h e o r i e s  use area r a t io  (of t h e  o u t e r  
nozzle t o  t h e  i n n e r  nozzle)  and t h e  v e l o c i t y  and d e n s i t y  of each stream. Empirical 
formulas (refs. I ,  2, and 3) o f t e n  use area ra t io ,  v e l o c i t y ,  and t o t a l  temperature o f  
each stream. A l a r g e  d a t a  base is necessary t o  e m p i r i c a l l y  def ine  a func t ion  of f i v e  
variables. 

The d a t a  base conta ins  65 s i n q l e - j e t  no ise  tes ts  from Lockheed-Georgia Company 
(work done under Air Force Contract  F33615-73-C-2032 from 1972 to  1975), 146 tests of 
nozzles  with area rat ios  of 0.75 and 1.2 from P r a t t  & Whitney A i r c r a f t  ( r e f .  41, and 
212 tests from t h e  NASA L e w i s  Research Center ( r e f s .  5 and 6 ) .  The L e w i s  tests 
included nozzle area r a t i o s  of 1 .2 ,  1.5, 2.0, and 3.33. The ma t t  & Whitney d a t a  are 
unique i n  t h e i r  coverage of t h e  temperatures of both streams. The L e w i s  d a t a  cover  
t h e  broades t  range of source parameters, i n c l u d i n g  supersonic  flows i n  both 
streams. The Nat ional  G a s  Turbine Establishment i n  t h e  United Kingdom c o n t r i b u t e d  
t h r e e  d a t a  sets des igna ted  as data sets A, B, and C. The NGTE d a t a  s e t  C has  t h e  
l a r g e s t  range of area r a t i o ,  from 1.4 t o  8.1,  of any d a t a  set  b u t  has an ambient 
temperature o u t e r  stream. The Societe Nat ionale  d '  Etude e t  de Construct ion de 
Motuers d'P.viation i n  France a l s o  cont r ibu ted  a subsonic  j e t  d a t a  set .  This d a t a  
base has over  800 separate j e t  noise  tests with around 200 000 i n d i v i d u a l  sound 
pressure  level (SPL) measurements. 

The Nat ional  Aeronautics and Space Adminis t ra t ion (NASA)  has  a cont inuing 
research  program for  t h e  development of no ise  p r e d i c t i o n  methods. The f i r s t  j e t  
noise  p r e d i c t i o n  methods developed under t h i s  program w e r e  by Stone ( r e f .  7 ) .  Stone 
has  produced p r e d i c t i o n  formulas for  a wide range of nozzle  types - inc luding  
r e c t a n g u l a r  nozzles  and t h r u s t  r e v e r s e r s  - and f l o w  s ta tes .  S tone ' s  formulas have 
served as t h e  best  c o a x i a l  no ise  p r e d i c t i o n s  of NASA f o r  over 6 years .  They are a 
blend of classical  theory and keen personal  i n s i g h t  der ived  f r o m  a r e g r e t t a b l y  s m a l l  
amount of ' j e t  noise  data. 

The inverted-flow nozzle,  a concept  developed for  possible a p p l i c a t i o n  t o  
supersonic  t r a n s p o r t  a i r c r a f t ,  w a s  n o t  covered by t h e  1974 p r e d i c t i o n  methods of 
Stone. Therefore,  Stone developed separate formulas for  t h i s  flow state ( ref .  8) 
with t h e  L e w i s  d a t a  base (refs. 5 and 6) .  I n  t h i s  l a t t e r  method, Stone used t h e  i d e a  
of t w o  spectra, one from t h e  o u t e r  premerged stream and one from t h e  merged stream. 
Stone 's  inverted-f low method is s imi l a r  t o  Jaeck ' s  method (refs. 2 and 3) i n  t h e  
a p p l i c a t i o n  of t h i s  idea of t w o  a d d i t i v e  spectra. About t h e  s a m e  t i m e ,  Pao (ref. 9 )  
and Russe l l  (ref. 10)  developed a formula f o r  inverted-f low j e t  mixing noise .  Pao 
and Russe l l  used t h e  P r a t t  & Whitney d a t a  set  and, l i k e  Stone and Jaeck, assumed a n  
a d d i t i o n  of t w o  spectra. The Stone and Pao-Russell methods d i f f e r  i n  t h e  fol lowing 
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way: Stone def ined the  premerged and merged s p e c t r a  through modif icat ions of t he  
empir ica l  s p e c t r a l  curves from h i s  1974 method, whereas Pao and Russel l  used the  
r u l e  t h a t  t he  premerged and merged s p e c t r a  have s i m i l a r  shapes b u t  d i f f e r e n t  peak 
loca t ions  and amplitudes.  A l l  t he se  methods are included i n  the  NASA A i r c r a f t  Noise 
Predic t ion  Proqram (ANOPP) ( r e f .  1 )  SO t h a t  t he re  is some ambiguity i n  the  pre- 
d i c t i o n s  of t h i s  program f o r  the  case of inverted-f low jets. The method developed 
he re in  is intended t o  rep lace  these  p re sen t  ANOPP methods f o r  coax ia l  j e t  noise .  

This paper is divided i n t o  th ree  major s e c t i o n s .  The f i r s t  s e c t i o n  gives  some 
prel iminary d e f i n i t i o n s  and no ta t ions  which are h e l p f u l  later. This f i r s t  s e c t i o n  
a l s o  gives  four  s t r a t e g i e s  f o r  making empir ica l  no ise  p red ic t ions .  D a t a  reduct ion  
is  discussed i n  the  second sec t ion .  It is shown how the  data-reduct ion process is  
r e l a t e d  t o  the  format of the  noise  p red ic t ion  method being developed. I n  t he  t h i r d  
sec t ion ,  one of t hese  p red ic t ion  s t r a t e g i e s  is  appl ied  t o  the  d a t a  base f o r  coax ia l  
j e t  noise ,  and an e x p l i c i t  p red ic t ion  method is  der ived f o r  t he  data  base. The t h i r d  
s e c t i o n  concludes with a d i scuss ion  of t he  concept of an optimum coax ia l  je t .  

SYMBOLS 

2 A area ,  m 

C speed of sound, m/s 

2 s p e c i f i c  h e a t  a t  cons tan t  pressure ,  m2/K-s 
P C 

D( 8 )  d i r e c t i v i t y  of power 

order  of d e r i v a t i v e  i n  Taylor 's  series D 

CD d i r e c t i v i t y  of power i n  frequency band 

R 

d diameter of j e t ,  m 

E cubic  s p l i n e  b a s i s  funct ion 

f frequency, Hz 

J energy f l u x  

B energy f l u x  i n  frequency band 

k,m,m' , n r  
i, j , R ,  R' 

L leve 1 

i n t e g e r s  1 
M number of b a s i s  func t ions  i n  s p l i n e  f i t  on frequency 

m mass-f low rate, kg/s 

N number of b a s i s  func t ions  i n  s p l i n e  f i t  on d i r e c t i o n  

P power, W 
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cp 

P 

<P2> 

R 

Q 

X 

a 

Y 

A 

V 

d i s t i n c t  permutations of independent v a r i a b l e s  i n  d e r i v a t i v e s  i n  
Taylor s series 

power i n  frequency band, W 

p ressure ,  Pa 

mean-square a c o u s t i c  p re s su re  

gas  cons t an t ,  m2/K s 2 

r e l a t i v e  spectrum 

s p h e r i c a l  r ad ius  

spectrum of energy f l u x  

spectrum of energy f l u x  i n  given d i r e c t i o n  

temperature ,  K 

v e l o c i t y ,  m / s  

d e r i v a t i v e  mu 1 t i p  1 i e r 

transformed p red ic t ion  parameter 

p r e d i  c ti on parameter 

r a t i o  of s p e c i f i c  hea t s  

no ise  l e v e l  coord ina te  

Kronecker del ta  func t ion  

logar i thmic  frequency parameter 

cubic  s p l i n e  b a s i s  func t ion  

p o l a r  d i r e c t i v i t y  angle ,  deg 

de r  i va ti ve 

e igenvalue  

Helmholtz number 

dens i ty ,  kg/m 3 

azimuthal  d i r e c t i v i t y  angle ,  deg 

s o l i d  angle ,  sr 
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Subscr ip ts  : 

e e q u i v a l e n t  

ref r e f e r e n c e  

t t o t a l  

1 primary stream 

2 secondary stream 

m ambient 

Abbreviations : 

GALAC Lockheed-Georgia Company 

LeRC NASA L e w i s  Research Center 

NGTE National  G a s  Turbine Establishment (United Kingdom) 

P & W  P r a t t  & Whitney A i r c r a f t  

SNECMA S o c i e t e  Nat ionale  dl  Etude e t  de Construct ion de Motuers d '  Aviation (France) 

SPL sound p r e s s u r e  l e v e l  

EMPIRICAL SOURCE NOISE EQUATIONS 

Prel iminary D e f i n i t i o n s  

N o i s e  is  t y p i c a l l y  measured i n  terms of sound p r e s s u r e  l e v e l  L<p2> or  i n  terms 
2 of mean-square p r e s s u r e  <p >. These t w o  variables are r e l a t e d  by 

2 ,  
2 <p2> 

L < p  > = 10 loglo 2 dB ( re  Pref 

I n  t h e  fol lowing d iscuss ion ,  it i s  necessary t o  swi tch  f r e q u e n t l y  between t h e s e  
measures, so  t h a t  a compact n o t a t i o n  is d e s i r a b l e .  Consequently, l e v e l s  are u s u a l l y  
given i n  u n i t s  of bels (B) r a t h e r  than i n  d e c i b e l s  (dB). The f a c t o r  of 10 i n  
equat ion ( 1 )  i s  n o t  used when t h e  level is i n  bels. Local atmospheric q u a n t i t i e s  are 
used f o r  re ference  cons tan ts  t o  s i m p l i f y  f u r t h e r  t h e  data a n a l y s i s .  As an example, 
t h e  sound pressure  l e v e l  can be given as 

Spher ica l  coord ina tes  as shown i n  f i g u r e  1 are used t o  s p e c i f y  t h e  p o s i t i o n  of t h e  
noise  sensor  r e l a t i v e  to  t h e  source,  which is nominally a t  t h e  o r i g i n  of t h e  
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coord ina te  system. The su r face  area of t he  source A e s t a b l i s h e s  a length scale 
which, toge ther  with t h e  ambient d e n s i t y  p, and the  ambient speed of sound cm, 
can be used t o  form re fe rence  va r i ab le s  as requi red  by the  ana lys i s .  A l l  da t a  are 
assumed t o  be i n  the  f a r  f i e l d  so t h a t  t he  pressure  v a r i e s  i n v e r s e l y  with r ad ius  r. 
It i s  a l s o  assumed t h a t  any atmospheric absorp t ion  e f f e c t s  have been removed from t h e  
measured da ta .  

2 The a c o u s t i c  i n t e n s i t y ,  l i k e  the  mean-square p re s su re  <p >, v a r i e s  i nve r se ly  
with the  square of rad ius ;  however, the  acous t i c  energy f l u x  per  u n i t  s o l i d  ang le  
J is  independent of r ad ius  i n  t h e  f a r  f i e l d  of a nonabsorbing medium. It is 
expressed as 

2 2  r <p > 
J =  

Pac m 
( 3 )  

The energy f l u x  i n  a frequency band wi th  Helmholtz number 
J ( v)  so  t h a t  t he  t o t a l  f l u x  i s  given by a summation 

v = f E , c w  is denoted by 

It i s  understood t h a t  t he  summation i n  equat ion ( 4 )  i s  over a contiguous set  of 
bands. The a c o u s t i c  power P is the  i n t e g r a l  over a l l  d i r e c t i o n s  of the  energy f l u x  

P = I J d Q  (5) 

where d Q  is  the  d i f f e r e n t i a l  s o l i d  angle.  Equation (5 )  h Ids  f o r  bands as w e l l  as 
t o t a l  q u a n t i t i e s .  The re ference  q u a n t i t y  f o r  power i s  pmcwA so t h a t  t he  power 
l e v e l  i s  

s 

P 3 
LP = log  - 3 B (re P,C,A) 

l o  c A pw w 

Equation (5 )  may be used f o r  the  energy f l u x  l e v e l  s i n c e  the  s o l i d  angle ,  measured i n  
s t e r a d i a n s ,  is  dimensionless.  

P red ic t ion  Equations 

Empirical  methods of no ise  p red ic t ion ,  which predominate i n  c u r r e n t  p r a c t i c e ,  
are e s s e n t i a l l y  curve f i t s  t o  measured d a t a  f o r  var ious  no i se  sources.  The source 
state is cha rac t e r i zed  by a set  of parameters 
generated.  A parameter a could be t h e  t h r o t t l e  p o s i t i o n  of an engine o r  t h e  
v e l o c i t y  of a je t .  A p r e d i c t i o n  v a r i a b l e  such as t h e  band energy f l u x  b ( v )  may 
depend on t h e  d i r e c t i o n  i n  which the  noise  is  emi t ted  from t h e  source as w e l l  as a 
l a rge  number of source parameters. 

% which c o n t r o l  the  amount of no ise  

Purely empirical p r e d i c t i o n  depends on mult idimensional  curve f i t t i n g .  The 
curve f i t s  may be made d i r e c t l y  t o  t h e  p red ic t ion  variable; however, it is sometimes 
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u s e f u l  t o  d e f i n e  r e l a t e d  variables t o  separate t h e  p r e d i c t i o n  process i n t o  s e v e r a l  
steps. Three methods of subdividing an  empirical p r e d i c t i o n  equat ion for t h e  band 
energy f l u x  J ( v ) ,  which is  e q u i v a l e n t  t o  t h e  band mean-square pressure ,  are given 
herein.  
the inf luence  of t h e  parameters is  suppressed. 
is  considered i n  a subsequent s e c t i o n .  

The effects of band number and d i r e c t i o n  are considered i n  t h i s  s e c t i o n ,  and 
The effect of t h e  source parameters 

P r e d i c t i o n  equat ions  may be based on t h e  fo l lowing  i d e n t i t i e s :  

The f a c t o r  J ( 8 ) / P  is a measure of t h e  d i s t r i b u t i o n  of the energy f l u x  over t h e  
s p h e r i c a l  d i r e c t i o n s  8. It i s  denoted by t h e  symbol D ( 8 ) ;  t h a t  is  

and, from i ts  d e f i n i t i o n ,  s a t i s f i e s  t h e  condi t ion  

D ( 8 )  dQ = 1 

Q 
(11)  

The d i r e c t i v i t y  l e v e l  LD is a negat ive number because of t h e  c o n s t r a i n t  equat ion  
(eq. ( 1 1 ) ) .  For a x i s m m e t r i c  sources  which are assumed he re ,  t h e  so l id  angle  i s  

d Q  = 2n s i n  8 d e  (12)  

The d i r e c t i v i t y  index is  a comparison of t h e  d i r e c t e d  energy f l u x  t o  t h e  average 
energy f l u x  through t h e  s p h e r i c a l  s u r f a c e  around t h e  source. The factor  cp(v)/P i s  
t h e  power spectrum denoted by S ( v )  

This  f a c t o r  is a measure of the  way the  a c o u s t i c  power is d i s t r i b u t e d  over frequency 
bands and s a t i s f i e s  the condi t ion  

) .S (V)  = 1 ( 1 4 )  

V 
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The factor a ( v ,  e ) / J (  0) i s  t h e  spectrum of t h e  energy f l u x  i n  a given d i r e c t i o n ,  

and t h e  r a t i o  B(v,e) /P(v)  is  t h e  d i r e c t i v i t y  of t h e  power i n  a frequency band, 

( 1 7 )  

These variables s a t i s f y  i n t e g r a l  c o n d i t i o n s  

C s(v,e) = I ( fo r  a l l  8) 
V 

and 

a ( v , e )  d Q =  1 ( f o r  a l l  v )  (18 )  

Q. 

The m o s t  complicated group i n  equat ion ( 9 )  is a measure of t h e  d i f f e r e n c e  between t h e  
spectrum and d i r e c t i v i t y  f a c t o r s ,  

By a s s o c i a t i n g  d i f f e r e n t  v a r i a b l e s  i n  equat ion (19),  it fol lows t h a t  

and 

The form chosen i n  equat ion ( 2 0 )  shows tha t  Q i s  a measure of t h e  d i f f e r e n c e  
between t h e  d i r e c t i v i t y  of an energy f l u x  band and t h e  d i r e c t i v i t y  of t h e  t o t a l  
energy f lux .  The f o r m  i n  equat ion (21) shows t h a t  c11 i s  a measure of t h e  d i f f e r -  
ence between t h e  energy f l u x  spectrum i n  a given d i r e c t i o n  and t h e  power spectrum. 

4 

I n  t e r m s  of t h e s e  variables, t h r e e  possible p r e d i c t i o n  equat ions  are 



It is  a matter of i n d i v i d u a l  preference  which, i f  any, of these p r e d i c t i o n  equat ions  
are used i n  making curve f i t s  t o  t h e  data. They have t h e  advantage of s e p a r a t i n g  
e f f e c t s  so t h a t  d i f f e r e n t  q u a l i t i e s  of t h e  n o i s e  source  can be s t u d i e d  independently.  
It is easier to  cons ider  a s i n g l e  i n t e g r a t e d  measure of no i se ,  such as to t a l  power 
P, than t o  look c o l l e c t i v e l y  a t  B ( v , 8 ) ,  a v a r i a b l e  which is two-dimensional for 
f i x e d  values  of t h e  source parameters. On t h e  o t h e r  hand, t h e  t o t a l  p r e d i c t i o n  
formula may e v e n t u a l l y  r e q u i r e  a l l  dimensions, such as introduced by 

Q ( v ,  0) i n  equat ion (24) .  

I t  is possible t h a t  t h e  number of source parameters a f f e c t i n g  Q ( V , € I )  may be 
less than t h e  number a f f e c t i n g  t h e  power P; t h e r e f o r e ,  some savings i n  t h e  number of 
dimensions are possible i n  the  c u r v e - f i t t i n g  process. The use of the  separated t e r m s  
i n  t h e  p r e d i c t i o n  equat ion a lso f ac i l i t a t e s  approximation. Many empirical formulas 
are based on t h e  assumption t h a t  Q = 1. The p h y s i c a l  i n t e r p r e t a t i o n  of t h i s  
mathematical condi t ion  is  t h a t  d i r e c t i v i t y  effects  and s p e c t r a l  e f f e c t s  are 
separable. 

The c o n s t r a i n t  condi t ions  on t h e  separate terms i n  t h e  p r e d i c t i o n  equat ion must 
always be imposed and can be troublesome, as is  seen la te r .  The relat ive spectrum 
Q ( v , e )  s a t i s f i e s  t h r e e  c o n s t r a i n t s ,  n o t  a l l  of which are independent, 

( fo r  a l l  0 )  

(25 

(26 

I n  terms of a p r e d i c t i o n  of t h e  sound p r e s s u r e  l e v e l  i n  dec ibe ls ,  t h e  p r e d i c t i o n  
equat ion (eq. (24)  1 becomes 

"his sound pressure  l e v e l  i s  cor rec ted  e a s i l y  t o  s tandard  atmospheric condi t ions  by 
u s i n g  t h e  value 197 for t h e  las t  term i n  equat ion ( 2 8 ) .  The level  LJ i n  equa- 
t i o n  (28)  i s  der ived from equat ion (24)  as 
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DATA REDUCTION 

It is assumed t h a t  the pre l iminary  steps of removing absorp t ion  and r e f l e c t i o n  

3 
e f f e c t s  from the noise  data have been completed and t h a t  t h e  measured d a t a  are a v a i l -  
able as energy f l u x  spectra for  a number of tes ts  of t h e  noise  
source. The data-reduct ion process involves  t w o  f u r t h e r  steps. The f irst  step is 
t o  f i t  smooth curves through t h e  energy f l u x  s p e c t r a  by us ing  b icubic  s p l i n e s .  The 
curve f i t s  €o r  each test  are def ined  by a d i s c r e t e  se t  of coord ina tes  whose values  
are e s t a b l i s h e d  by t h e  c u r v e - f i t t i n g  process. Each of t h e s e  coordinates  is  poten- 
t i a l l y  a func t ion  of a l l  t h e  source parameters. The second step i n  t h e  data-  
reduct ion process is t o  f i t  curves ,  by us ing  multidimensional Taylor 's  series wi th  
the source parameters as independent v a r i a b l e s ,  t o  each of the coordinates  def ined  
by the f irst  data-reduct ion step. 

a ( v , 0 )  (re pmcoDA) 

Bicubic Spl ines  

The theory of cubic  s p l i n e s  is w e l l  developed for  one-dimensional func t ions .  
One method of extending t h i s  theory t o  mul t ip le  dimensions is t o  use tensor  products  
of unidimensional func t ions .  The method used h e r e  is  f u l l y  developed by De Boor 
( r e f s .  11 and 1 2 )  fo r  t w o  dimensions and w i l l  be descr ibed  b r i e f l y .  The source is  
assumed t o  have an a x i s  of symmetry so t h a t  t h e  energy f l u x  spectrum is  a func t ion  of 
only t w o  variables: t h e  band Helmholtz number v and p o l a r  d i r e c t i o n  angle  8. I f  
t he  d a t a  are given i n  constant-percentage bands, such as 1/3 octave,  a logar i thmic  
frequency v a r i a b l e ,  

is u s e f u l .  

Cubic s p l i n e s  are def ined  by De Boor i n  t e r m s  of basis funct ions.  A b a s i s  func- 
t i o n  for t h e  frequency variable q is def ined on t h e  i n t e r v a l  (qo,qM) i n  terms o f  
c u b i c  polynomials on s u b i n t e r v a l s  (qm-l!r)m), with m = 1 ,  2, ..., M2 The p o i n t s  
q,, are c a l l e d  nodes or knots .  The basis func t ions  are of class C ; t h a t  is ,  they 
have continuous d e r i v a t i v e s  up to  and inc luding  t h e  second d e r i v a t i v e .  These 
c o n t i n u i t y  condi t ions  re la te  t h e  cons tan ts  of t h e  cubic  polynomial f o r  each 
s u b i n t e r v a l  so t h a t ,  i f  t h e  s l o p e  of t h e  basis func t ion  i s  given a t  
b a s i s  func t ion  is def ined  completely by these  slopes and i t s  values a t  t h e  m + 1 
node p o i n t s .  A set  of M + 1 b a s i s  func t ions  i s  def ined  by 

and qM, t h e  
110 

t o g e t h e r  with t h e  end slope condi t ions .  D e  Boor uses  t h e  end condi t ions  of z e r o  
slope for each basis func t ion  Em(r)) ,  wi th  m = 0, 1, ..., M, and adds t w o  basis 

which has  a u n i t  funct ions:  % + l ( v )  which has  a u n i t  slope a t  q = q0 and 
slope a t  r) = 51. 
node. A s l i g h t l y  d i f f e r e n t  d e f i n i t i o n  of the basis f u n c t i o n s  is  used here in .  Each 
basis func t ion  is requi red  t o  s a t i s f y  t h e  same homogeneous boundary condi t ion  a t  each 
end of t h e  i n t e r v a l  ( q,,r) ). The boundary condi t ion  may involve only the d e r i v a t i v e s  
of t h e  func t ion  b u t  n o t  t te func t ion  i tself .  
used a t  the ends of the range of the frequency variable, and condi t ions  of zero  slope 
w e r e  used a t  t h e  ends of the range of t h e  polar angle  variable. When these  boundary 
condi t ions  are a p p l i e d  t o  each basis funct ion,  t h e r e  is t h e  same number M + 1 of 

EM+ 2 
Both t h e s e  a d d i t i o n a l  basis func t ions  have values  of zero a t  each 

The condi t ions  of zero  curva ture  w e r e  
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basis func t ions  as t h e r e  are node poin ts .  
as def ined  herein.  

Figure 2 depicts basis func t ions  E m ( q )  

N o i s e  Level Coordinates 

Since t h e  n o i s e  variables such as <p2> and 3 are posit ive,  the n o i s e  vari-  
ables such as S(q) must be posit ive also. This c o n d i t i o n  is  guaranteed i f  t h e  
curve f i t  is made with a noise  level variable such as L<p2>,  LB, and LS. The 
fol lowing express ions  for t h e  l e v e l s  of equat ion (29 )  are used: 

N 

M N  

M N  

The l e v e l  coord ina tes  such as 
as shown i n  f i g u r e  3. Assuming t h a t  La(q.  , Q . ) ,  wi th  i = 1, 2,..., I > M  and 
j = 1 ,  2,..., J > N ,  has  been measured i n  a Pes$, equat ion (35) can be solved i n  t h e  
least-squares  sense  for  t h e  band energy f l u x  levels a t  s tandard ized  node 
p o i n t s  (%, 8,). "he t o t a l  power level  is c a l c u l a t e d  by 

Idmn are t h e  l e v e l s  a t  t h e  node p o i n t s  of t h e  s p l i n e s  

LP = l o g  ,o 1 ~ a n t i l o g [ L $ ( q , @ ) ]  dQ 
V 

8 

( 3 6 )  

where L J  i s  given by equat ion ( 3 5 ) .  The power level a t  each band node p o i n t  qm 
i s  

Lcp = log 10 1 a n t i l o q [ L J ( q m , e ) ]  dQ ( 3 7 )  m 
51 

and t h e  energy f l u x  a t  each d i r e c t i o n  node p o i n t  8, i s  

where L B ( x , 0 )  and L,2)(qren) are given by s i m p l i f i e d  forms of equat ion (35)  which 
hold a t  t h e  node p o i n t s .  
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The node p o i n t  levels f o r  each of the variables i n  t h e  p r e d i c t i o n  equat ions are 
I then computed by simple algebraic formulas as f o l l o w s :  

LDn = LJn - LP 

LSm = LPm - LP 

LS,, - - Ljmn - LP 

mmn = L'Jmn - LSm - LP 

LQ,, = LJmn - LDn - LSm - LP 

Coordinate Cons t ra in ts  

The set  of coord ina tes  am, c o n t a i n s  (M + 1 )  (N + 1 )  elements which completely 
descr ibe  t h e  noise  f i e l d  f o r  a given tes t  through equat ion (35 ) .  The a d d i t i o n a l  
coord ina tes  given by equat ions  (39)  through (43)  o f f e r  a l t e r n a t e  means of represent-  
i n g  t h e  noise  f i e l d  by t h e  p r e d i c t i o n  equat ions ( 2 2 ) ,  ( 2 3 ) ,  and (24 ) ;  however, t h e  
e l e m e n t s  of t h e s e  a l t e r n a t e  coord ina tes  are n o t  a l l  independent. They must s a t i s f y  
t h e  i n t e g r a l  c o n s t r a i n t s  of equat ions ( l l ) ,  ( 1 4 ) ,  ( 1 7 ) ,  (18 ) ,  (25) ,  and (26 ) .  I f  
methods w e r e  developed f o r  p r e d i c t i n g  these  a l t e r n a t e  coord ina tes ,  t h e r e  would he no 
guarantee t h a t  t h e  pred ic ted  values  would s a t i s f y  t h e  c o n s t r a i n t  equat ions.  An 
independent subse t  of each set of a l t e r n a t e  coord ina tes  must he s e l e c t e d  and the 
c o n s t r a i n t  equat ions  must be used t o  def ine  t h e  remaining elements of t h e  set. 

Each of t h e  summation expressions (eqs. (32)  t o  ( 3 5 ) )  f o r  the l e v e l  v a r i a b l e s  
can be given as a product  expression for the variables by t a k i n g  a n t i l o g s  of t h e  
equat ions  as follows: 
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The product  forms should n o t  be used f o r  computation because repeated exponen- 
t i a t i o n  and m u l t i p l i c a t i o n  is much slower than t h e  m u l t i p l i c a t i o n s  and a d d i t i o n s  i n  
t h e  summation forms for t h e  levels. The product  forms f a c i l i t a t e  some proofs of 
i d e n t i t i e s  which are needed i n  t h e  process of s a t i s f y i n g  t h e  c o n s t r a i n t s  on t h e  main 
v a r i a b l e  coordinates .  Since the sum of t h e  basis f u n c t i o n s  is  a curve f i t  t o  t h e  
c o n s t a n t  1 (ref. 12, p. 1101, 

M 

it follows t h a t  

The func t ion  S (  r)) sa t isf ies  a summation c o n s t r a i n t  (eq. (14) ) so  t h a t  t h e  M + 1 
coord ina tes  Sm are n o t  independent. The spectrum va lue  So can be designated as 
t h e  dependent variable with t h e  M variables (Sm/So) being independent. The va lue  
of So i s  found from 

'm M 
C a n t i l o g  C E,(V) L - 

m= 1 
L S ~  = -log 10 

r) 

( 5 0 )  

The independent coord ina tes  L(Sm/So) 
of empirical da t a .  Equation (50) g ives  the dependent coord ina te  LSo which i n  t u r n  
al lows eva lua t ion  of a l l  spectrum levels by the i d e n t i t y  

may be used for  t a b u l a t i o n  and curve f i t t i n g  

0 ( m  = 1,2,...,~) 

A s imi l a r  procedure is used to  f i n d  t h e  d i r e c t i v i t y  coord ina te  LDO 

D n N 
s i n  e a n t i l o g  o n w  L - d e  

n= 1 DO 10 LDO = -109 

(51 1 

( 5 2 )  

The spectrum c o n s t r a i n t s  on t h e  coord ina tes  Smn may be s a t i s f i e d  along each 
l i n e  of nodes where n is c o n s t a n t  by using son as t h e  dependent coord ina te  and 
s o l v i n g  for  Son i n  terms of Smn/So,?. A s i m i l a r  procedure applies €or t h e  d i r e c -  
t i v i t y  coord ina tes  Qmn along each l i n e  of nodes where m is  cons tan t .  

This  d i r e c t  s o l u t i o n  process is n o t  p o s s i b l e  for  t h e  dependent coord ina tes  of 
the  r e l a t i v e  spectrum. However, i f  MN values  of t h e  a r r a y  Rmn are s t o r e d ,  then 
t h e  c o n s t r a i n t  equat ions (eqs. (251, (261, and (27)) g ive  M + N + 1 nonl inear  equa- 
t i o n s  f o r  t h e  missing values  of t he  (M + 1)(N + l )  a r r a y  Rmn. The disadvantage of 
t h e s e  nonl inear  equat ions  must be weighed a g a i n s t  t h e  advantages of t h e  symmetric 
p r e d i c t i o n  equat ion (24) as compared with t h e  p r e d i c t i o n  equat ions  (22) and (23). 

Figure 4 shows f o u r  schemes f o r  sav ing  independent n o i s e  l e v e l  coord ina tes  for 
a s i n g l e  test. The set  which is  used depends on t h e  d e s i r e d  p r e d i c t i o n  equat ion;  
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however, each s e t  i s  only an a l t e r n a t e  scheme f o r  represent ing  the  enerqy f l u x  
spectrum l e v e l  LB( v, 8) .  

Taylor ' s  S e r i e s  

Each of the  noise  l e v e l  coord ina tes  is a func t ion  of t he  noise  source param- 
e t e r s .  An empir ica l  approximation t o  these  l e v e l  coord ina te  funct ions may be found 
by t e s t i n g  the  noise  source with a matrix of source parameters and f i t t i n g  curves 
through the  reduced da ta .  A Taylor ' s  s e r i e s  i s  a convenient multidimensional 
func t ion  f o r  t h i s  curve f i t  because a noise  source t y p i c a l l y  opera tes  with source 
parameter values  which are not  f a r  removed from some s tandard  source condi t ion.  This 
s tandard condi t ion  is  the  o r i g i n  of t he  Taylor 's  s e r i e s  expansion. Since the  noise  
l e v e l s  are measured on a logari thmic s c a l e ,  t he  source parameters may a l s o  he given 
logar i thmica l ly .  A f a c t o r  of 100 f o r  a source parameter range, say from 0.1 t o  10, 
t r a n s l a t e s  t o  the  logari thmic ranqe ( - 1 , l )  of t h i s  same parameter used as a n  argu- 
ment  of t he  Taylor ' s  series. 

The symbol A i s  used t o  denote any  noise  l e v e l  coordinate .  This l e v e l  can 
be r e l a t i v e  t o  a re ference  cons tan t  or  can be r e l a t i v e  t o  t h i s  same coordinate  from 
another experiment o r  theory.  The use of a l e v e l  coord ina te  r e l a t i v e  t o  a t heo re t -  
i c a l l y  pred ic ted  value i s  a use fu l  technique f o r  eva lua t ing  the  theory. If  the  
theory c o r r e c t l y  p r e d i c t s  the experimental  da t a ,  then the  r e l a t i v e  coordinate  A 
should have a value of 0 and the  Taylor ' s  s e r i e s  f i t  t o  these  da t a  w i l l  have n u l l  
values f o r  the  cons t an t  and a l l  de r iva t ives .  

The independent source parameters a r e  given by the  fol lowing equation: 

x = log  
i 10 (aref) i  (53)  

so  t h a t  t he  Taylor ' s  s e r i e s  f o r  A is  

The approximate equat ion (54)  w i l l  be appl ied  l a t e r  to  an empir ica l  s tudy of coax ia l  
j e t  noise  which has f i v e  independent source parameters.  A third-degree approximation 
( N r  = 3) has 55 independent d e r i v a t i v e s  i n  t he  Taylor ' s  s e r i e s  as shown i n  t a b l e  I. 
The approximate s e r i e s  (eq. ( 5 4 ) )  is expanded i n t o  a l i n e a r  sum a s  

.. 

A = ARXR 
A= 1 

(55)  

where 

R P 
x = -  R D ~ !  xixj% (56)  
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In  equat ion (551, A, s t ands  f o r  t he  cons t an t  t e r m  i n  t he  Taylor 's  s e r i e s ;  
A2, A3, ..., & s tand  f o r  t he  f i r s t  d e r i v a t i v e s  with r e s p e c t  t o  each of t he  f i v e  
parameters;  and N i s  56 t o  allow f o r  t he  cons t an t  and a l l  de r iva t ives .  The param- 
eter s u b s c r i p t s  i, j, and k are func t ions  of R as given i n  t a b l e  11. The order  
of t he  d e r i v a t i v e  D is  a count of t he  nonzero occurrence of t he  s u b s c r i p t s  i, j ,  
and k. The i n t e g e r  func t ion  P i s  the  number of permutat ions of t he  d i s t i n c t  R subsc r ip t s .  These func t ions  a r e  given i n  t a b l e  11. In computing 
(561, t he  convention is  used t h a t  xo = 1 and xi with i = 1 ,  2, ..., 5, i s  
def ined by equat ion (53 ) .  Given a number of experiments where a noise  coord ina te  and 
the  source parameters a are measured, equat ion (55)  may be solved, u sua l ly  i n  the  
least-squares  sense,  f o r  t he  d e r i v a t i v e s  . This s o l u t i o n ,  repeated f o r  each noise  

f i e l d .  

R 

R 
XR by equat ion 

coordinate ,  gives  a p red ic t ion  method f o r  e coord ina tes  and hence f o r  t he  noise  

COAXIAL JET M I X I N G  NOISE 

A la rge  da t a  base has been c o l l e c t e d  t o  develop an empi r i ca l  p red ic t ion  method 
f o r  coax ia l  j e t  mixing noise.  This method i s  intended t o  r ep lace  the  methods f o r  j e t  
mixing noise .  The noise  p red ic t ion  method f o r  a s i n g l e  j e t  is  based p r imar i ly  on the  
GALAC data .  The noise  p red ic t ion  method f o r  a c o a x i a l  j e t  i s  based on these  GALAC 
da ta  as wel l  as the  added da ta  s e t s  from LeRC ( r e f s .  5 and 6 ) ,  P&W ( r e f .  4 ) ,  NGTE, 
and SNECMA. These da t a  sets a r e  b r i e f l y  summarized i n  t a b l e  111, and an i n d i c a t i o n  
is  given of the amount of da t a  used i n  t h i s  a n a l y s i s .  There a r e  842 j e t  noise  t e s t s  
i n  t h i s  da ta  base; however, only the  subsonic t e s t s ,  540 i n  a l l ,  were used here in .  

Organization of Data 

The da ta  sets, a s  received,  a r e  organized i n  s e v e r a l  d i f f e r e n t  ways. The NGTE 
da t a  s e t  A has a t e s t  matrix with primary j e t  v e l o c i t y  
V2/V1 a s  independent tes t  parameters. The primary j e t  t o t a l  temperature T was 
held f ixed  a t  about 700K f o r  most tests and the  secondary temperature was equal  t o  
ambient. Area r a t i o s  A2/A1 of 2, 4, and 6 were t e s t e d  by NGTE. The NGTE da t a  
set  C t e s t s  have the same independent va r i ab le s  with a rea  r a t i o s  of 1.5, 2.0, 4.0, 
and 8.0. The NGTE da t a  s e t  C inc ludes  inverted-flow cases  where V2/V, ranged up 
t o  1.4 but  the secondary stream was s t i l l  a t  ambient temperature.  

VI and v e l o c i t y  r a t i o  

t, 1 

The P&W and LeRC da t a  a r e  organized around nozzle  p re s su re  r a t i o s  and t o t a l  
temperatures.  P&W used two a rea  r a t i o s ,  0.75 and 1.2; LeRC used a rea  r a t i o s  of 1 .2 ,  
1.5, 2.0, and 3.33. In these  t e s t s ,  t he  pressure  r a t i o  ranged from 1 t o  over 4.0 and 
the  temperature ranged from 1 t o  over 3 times ambient temperature.  

The SNECMA da ta  are organized around nozzle p re s su re  r a t i o  and t o t a l  temperature 
with a s i n g l e  a rea  r a t i o  of 3.5. The GALAC s i n g l e  j e t  da t a  a l s o  have nozzle p re s su re  
r a t i o  and t o t a l  temperature as test  parameters.  

The way i n  which the  t e s t  matr ices  are organized i s  t o  some degree a r b i t r a r y ;  
however, there  is a tendency f o r  the  da t a  t o  be grouped according t o  a rea  r a t i o ,  
nozzle pressure  r a t i o ,  and t o t a l  temperature.  The o the r  geometric va r i ab le  which 
appears is  primary plug s i z e ,  Ao/A1, where A. i s  the  plug a rea .  The pressure  and 
temperature va r i ab le s  a r e  n a t u r a l  because they are e a s i l y  monitored during expe r i -  
ments. The va r i ab le s  more o f t en  used f o r  acous t i c  c o r r e l a t i o n s ,  V/cm and V2/V1, 
a r e  of course func t ions  of t he  experimental  va r i ab le s .  Eased on a review of t he  
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a v a i l a b l e  da ta  sets, an organiza t ion  of t he  da t a  based on the  a c t u a l  experimental  
va r i ab le s  - A2/A1, pt/p,, and Tt/T, - appears t o  be more convenient.  

A review of t he  d a t a  base a l s o  sugqests  t h a t  t he  t e s t  va r i ab le s  a r e  arranged i n  
roughly geometric propor t ions  such t h a t  they w i l l  appear evenly spaced on a l o g a r i t h -  
mic sca l e .  For example, t he  NGTE da t a  se t  C used area r a t i o s  of 1.5, 2.0, 4.0, 
and 8.0. The number 1.5 i s  near 6 The LeRC a rea  r a t i o s  were 1 .2 ,  1.5, 2.0, 
and 3.3. 
cases ,  t he  area r a t i o s  are f r a c t i o n a l  powers of 2, t h a t  i s ,  2m74. Similar  t r ends  a r e  
apparent  i n  the  p re s su re  r a t i o  and t o t a l  temperature. LeRC used pressure  r a t i o s  of 
1 .O, 1.2, 1.4, 1.6, 1.8, 2.2, and 3.0, with t o t a l  temperature of 1 ,  2, 3, and 4 times 
ambient. The t o t a l  p ressure  r a t i o s  tend t o  be qrouped i n  e i t h e r  a subsonic ranqe,  
0 < p /pa < 1.863, o r  i n  a supersonic  ranqe, 
usualfy f a r  fewer v a r i a t i o n s  of temperature than of pressure  r a t i o .  
o r  2 temperatures are examined a t  each pressure  r a t i o .  For example, t he  LeRC d a t a  
conta in  mostly temperatures of 3 and 4 t i m e s  ambient with r e l a t i v e l y  few tests having 
ambient o r  2 t i m e s  ambient temperature.  These observa t ions  sugges t  t h a t  j e t  noise  
tests may be convenient ly  c l a s s i f i e d  by t h e  fol lowing procedure. 

These r a t i o s  may be a s soc ia t ed  with 2’14, 22/4,  24/4 and 2 7/4. In hoth 

1.863 < pt/p, < 3.470. There a r e  
Usually only 1 

Area r a t i o . -  A r e a  r a t i o s  A2/A, should be assigned t o  a group with nominal 
value of 2n-4, where n = U, I ,  2, ..., 7. The symbol U i n d i c a t e s  undefined 
and is used t o  des igna te  a s ingle-s t ream je t ;  U can be thought of as -00 i f  t he  
s ingle-s t ream j e t  is considered t o  have an area r a t i o  of zero.  However, it is 
equal ly  v a l i d  t o  regard the  s ingle-s t ream j e t  a s  represent ing  a l l  a rea  r a t i o s  as 
long a s  the  two streams a r e  i d e n t i c a l  i n  p ressure  r a t i o  and temperature. The 
geometric mean l i m i t s  of each a rea  r a t i o  group a r e  shown i n  t a b l e  IV.  The classi- 
f i c a t i o n  scheme f o r  a r e a  r a t i o  can a l s o  be used f o r  plug s i z e  if the  plug s i z e  is  
given as Ao/A1, where A. is the  plug area. N o  plug i s  designated by 0, a s m a l l  
plug by 1 ,  and so on up t o  a h igh- rad ius- ra t io  case where Because of the  
smaller  number of tests a v a i l a b l e  f o r  t h i s  va r i ab le ,  it may be b e s t  t o  use only even- 
value ind ices  f o r  plug s i z e .  

Ao/A1 = 8. 

Tota l  p re s su re  r a t i o  pt/pa3.- The t o t a l  p ressure  r a t i o  may he grouped i n  r e l a -  
t i o n  t o  the  c r i t i c a l  p ressure  r a t i o  of t he  nozzle. I f  a t y p i c a l  value of y i s  
assumed t o  be 1.35, t he  c r i t i c a l  p ressure  r a t i o  i s  1.863. It is proposed t o  sepa ra t e  
the subsonic range i n t o  four  subranges which a r e  geometr ica l ly  r e l a t e d  t o  the c r i t i -  
cal  pressure  r a t i o .  The boundaries of these subranges a r e  given by f r a c t i o n a l  power 
n/4 of the c r i t i c a l  p ressure  r a t i o  and the  geometric means are f r a c t i o n a l  powers 
(2n-1)/8, where n = 1 ,  2, . . . . The c l a s s i f i c a t i o n  scheme i s  shown i n  t a b l e  V. 
Note t h a t  a p re s su re  r a t i o  of 1.000 is  excluded from the  c l a s s i f i c a t i o n  s i n c e  a j e t  
with pressure  r a t i o  of 1 does not  e x i s t .  If  a coax ia l  j e t  i s  operated with a pres -  
su re  r a t i o  of 1 i n  one stream, then it is  regarded as a s i n g l e  j e t  with p re s su re  
r a t i o  and temperature r a t i o  equal  t o  the  values i n  the  a c t i v e  stream. The a rea  r a t i o  
is undefined and, i f  t he  a c t i v e  stream is  the outer  stream, the  c e n t r a l  nozzle  i s  
regarded a s  a pluq. 

To ta l  temperature r a t i o  Tt/T,.- Typical  values  of t he  t o t a l  temperature a r e  1,  
2, and 3 times the  ambient temperature. Some da ta ,  such a s  the  LeRC data s e t ,  have 
temperatures t o  nea r ly  4 t i m e s  ambient. In genera l ,  t h e r e  are fewer temperature 
v a r i a t i o n s  i n  the  d a t a  base than i n  o the r  va r i ab le s ;  t h i s  suggests  t h a t  fewer groups 
may be used i n  c l a s s i f y i n g  the  temperature.  A geometr ica l ly  r e l a t e d  set  of t h r e e  
groups i s  proposed as shown i n  t a b l e  V I .  The index i n d i c a t e s  a geometric mean 
temperature 
later. 

Tt/T, = 2n- 1 . N o  symbol is  needed f o r  graphic  d i sp l ay ,  as is  shown 
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C l a s s i f i c a t i o n  code.- The i n d i c e s  for geometry and stream condi t ions  may be 
used to form a s i x - d i g i t  c l a s s i f i c a t i o n  code f o r  a n o i s e  t es t  as f o l l o w s :  

Geometry Primary Secondary 

The f i r s t  t w o  symbols are geometries,  t he  next  t w o  are fo r  t h e  primary stream, and 
t h e  l a s t  two r e p r e s e n t  t h e  secondary, t h a t  is t h e  o u t e r ,  stream. An example of a 
single-stream j e t  code would be 

U13232 

This code begins with t h e  undefined symbol U which i n d i c a t e s  a single-stream j e t  
with i d e n t i c a l  i n n e r  and o u t e r  stream condi t ions .  The second symbol i n d i c a t e s  a p lug  
with area between 0.088 and 0.177 of t h e  j e t  area. The las t  f o u r  d i q i t s  must have 
the  repea t ing  p a t t e r n  s i n c e  t h e r e  i s  only a s i n g l e  stream or  t w o  i d e n t i c a l  streams. 
The d i g i t  3 i n d i c a t e s  a t o t a l  pressure  r a t i o  between 1.365 and 1.594, and t h e  d i g i t  2 
i n d i c a t e s  a t o t a l  temperature between 1.414 and 2.828 t i m e s  ambient. 

It is  p o s s i b l e  t o  use the  d i g i t  0 t o  r e p r e s e n t  t h e  undefined number. This may 
be more convenient f o r  computer s o r t i n g  of da t a .  The example code would then appear 
as 

01 3232 

and i s  i n t e r p r e t e d  i n  e x a c t l y  t h e  same manner as long as it is recognized t h a t  0 
means undefined. 

This code could be extended to  include wind-tunnel or f l i g h t  d a t a  by appending a 
d i g i t  f o r  the  free-stream Mach number. L e t  t h e  Mach number be 1/10 of t h e  l a s t  
d i g i t .  Then t h e  example j e t  code with a f l i g h t  Mach number of 0.3 would be seven 
d i q i t s  as follows: 

01 32323 

Discussion of Data 

GALAC data.-  The t e s t  p o i n t s  f o r  t h e  GALAC c i r c u l a r  j e t  are c l a s s i f i e d  graphi-  
c a l l y  i n  f i g u r e  5. C i r c u l a r  symbols are used t o  i n d i c a t e  a c i r c u l a r  j e t  o r  a j e t  
with i d e n t i c a l  streams. The number i n s i d e  of t h e  symbol shows t h e  number of t i m e s  
t h a t  t h i s  nominal condi t ion  i s  repeated. Since t h e  streams are i d e n t i c a l ,  t h e  t es t  
p o i n t s  f a l l  on the  diagonal  of t h e  f i g u r e .  The major i ty  of t h e  65 test  p o i n t s  are 
i n  t h e  subsonic region. Within each pressure  r a t i o  category,  t h e r e  a r e  t e s t  p o i n t s  
wi th in  each of t he  temperature c a t e g o r i e s .  These d a t a  are adequate  t o  d e f i n e  a 
func t ion  which i s  cubic  i n  pressure  ra t io  and q u a d r a t i c  i n  temperature.  

NGTE d a t a  sets.- The test  p o i n t s  f o r  NGTE d a t a  se t  A are shown i n  f i g u r e  6 .  
These test  p o i n t s  are predominantly subsonic. The o u t e r  stream is always cold and 
the  inne r  stream always has a moderate temperature. There is a good d i s t r i b u t i o n  of 
area r a t i o  shown by t h e  mul t ip le  symbols i n  figure 6.  The tes t  p o i n t s  include 
c i r c u l a r  je ts  which f a l l  on t h e  diagonal  as w e l l  as d i s s i m i l a r  stream t e s t  p o i n t s .  
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In genera l ,  t he  tes t  matr ix  forms a banded p a t t e r n  around the  diagonal.  The d i s t ance  
of the  test  p o i n t  away from the  diagonal  is  a measure of t he  d i f f e rence  between the  
p re s su re  r a t i o s  of t he  streams. This d i f f e rence  v a r i a b l e  i s  a c t u a l l y  the  r a t i o  of 
the  stream t o t a l  p re s su res  
sca l e .  
i s  cubic  i n  geometric mean pressure  r a t i o  and quadra t i c  i n  the r a t i o  of p re s su re  
r a t i o s .  The p a t t e r n  of test  po in t s  is repeated a t  area r a t i o s  of 4.0 and 6.0. These 
three  area r a t i o s  may be used t o  de f ine  a quadra t i c  func t ion  of a rea  r a t i o .  The NGTE 
d a t a  set  B ( f i g .  7)  conta ins  test  poin ts  off t he  diagonal  which w i l l  b e t t e r  def ine  
the  e f f e c t  of d i f f e r e n t  pressure  r a t i o s ;  however, only one a rea  r a t i o  i s  represented.  
The NGTE da t a  set  C ( f i g .  8) da t a  have a good d i s t r i b u t i o n  of a rea  r a t i o s  from about 
1.5 t o  8.0. These tes t  po in t s  de f ine  a func t ion  which i s  cubic  i n  both p re s su re  
r a t i o s  and i n  area r a t i o .  The temperatures are e s s e n t i a l l y  f ixed ,  however, with a 
moderate temperature primary stream and a cold secondary stream. 

pt  2/pt,l s i n c e  the  coord ina te  system i s  on a geometric 
The banded pattern of these da ta  may be adequate t o  def ine  a func t ion  which 

P&W data.- The test  po in t s  f o r  t he  P&W d a t a  a r e  displayed i n  f i gu re  9. These 
da ta  a r e  unique because temperature e f f e c t s  w e r e  s tud ied  i n  d e t a i l .  These p o i n t s  
de f ine  quadra t i c  v a r i a t i o n  i n  temperature €or both streams. The four  groups of t e m -  
pe ra tu re  po in t s  a t  d i f f e r e n t  pressure  r a t i o s  may he used t o  def ine  l i n e a r  v a r i a t i o n s  
( i n  two dimensions of t he  temperature e f f e c t s  with pressure  r a t i o .  Unfortunately,  
the e f f e c t  of a r ea  r a t i o  v a r i a t i o n  cannot be determined from these da ta .  

LeRC data.-  The tes t  poin ts  f o r  the  LeRC da t a  i n  f i g u r e  10 show a d i s t r i b u t i o n  
i n  a l l  va r i ab le s .  The four  a rea  r a t i o s  could be used t o  de f ine  a cubic polynominal, 
al though it may be b e t t e r  t o  l i m i t  t h i s  var iab le  t o  second deqree s ince  the  range of 
a rea  r a t i o  i s  only from about 1 t o  3 .  A t  an a rea  r a t i o  of 1 .2 ,  th ree  temperature 
tes t  po in t s  a r e  loca ted  a t  each of s e v e r a l  p ressure  r a t i o s ;  these  three  poin ts  def ine  
l i n e a r  v a r i a t i o n s  i n  the  two temperatures.  A p a t t e r n  of t h ree  temperature po in t s  i s  
a l s o  found a t  an a rea  r a t i o  of 3 . 3  so t h a t  a l i n e a r  v a r i a t i o n  of the  temperature 
e f f e c t  with a rea  r a t i o  may be def ined by these da ta .  

SNECMA data.- The tes t  poin ts  f o r  t he  SNECMA d a t a  are displayed i n  f i g u r e  11. 
This comparatively s m a l l  d a t a  s e t  could generate  a func t ion  which is quadra t i c  i n  
geometric mean p res su re  r a t i o  and l i n e a r  i n  the  temperature without coupling between 
the two e f f e c t s .  An independent v a r i a t i o n  i n  the  q u o t i e n t  of pressure r a t i o  could 
a l s o  be obtained from these  data .  

Coaxial  Je t  Noise Predic t ion  

The form of the  p red ic t ion  equat ion se l ec t ed  f o r  c o a x i a l  j e t  noise  is obta ined  
by combining equat ions (28)  t o  (30)  as 

yp, 
dB A + 10 log - + 20 log - 

l o  'ref 10 r2 (57) 
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The func t ions  P, D, S I  and Q are def ined by equat ions  (51, ( l o ) ,  (131, and (19) 
with the assumption of an a x i s m m e t r i c  no ise  f i e l d .  The re ference  area A for  t h e  
c o a x i a l  j e t  is  def ined  as 

m e A = -  
pac m 

(58)  

where ; i s  the t o t a l  mass-flow rate of t h e  jet .  The source  t o  observer  d i s t a n c e  
i s  r and t h e  frequency variable r) i s  t h e  logarithm of t h e  S t rouhal  number def ined 
as 

e 

fde 
10 ve r) = log - (59)  

where de and Ve are t h e  diameter and v e l o c i t y  of t h e  e q u i v a l e n t  jet .  

The s i n g l e  e q u i v a l e n t  j e t  has t h e  same mass flow, energy f l o w ,  and t h r u s t  as t h e  
coaxial  je t .  The mass flow of t h e  s i n g l e  e q u i v a l e n t  j e t  is  

. 
2 m = m  + m  e 1 

where 

0 

m = pAV 

The condi t ions  of equivalence of mass flow and t h r u s t  g i v e  

; v  + ; v  
- 1 1  1 2  

'e - . 0 

(60)  

(62) 

2 m + m  1 

Since t h e  gas c o n s t a n t  f o r  a i r  i s  no t  s i g n i f i c a n t l y  changed by t h e  a d d i t i o n  of a 
small amount of combustion products  , t he  equiva len t  temperature can be def ined  from 
t h e  t o t a l  energy flow as 

where 

r = k  
y - 1  R 
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The equiva len t  r a t io  of s p e c i f i c  h e a t s  is  def ined from t h e  mixinq of t h e  qases  of 
each stream as 

- 1  
ye 

0 0 

2 m + m  
1 

Because t h e  f u l l y  expanded j e t  s t a t i c  pressure  is  equal  t o  t h e  ambient s ta t ic  
pressure,  t h e  e q u i v a l e n t  j e t  d e n s i t y  is  

The equiva len t  area i s  . 
m e 

PeVe 
Ae = - 

and the  e q u i v a l e n t  j e t  diameter i s  

(65)  

(67)  

The process  f o r  developing a c o a x i a l  j e t  noise  p r e d i c t i o n  based on equat ion (57)  
f o r  the  d a t a  base is as follows: 

1 .  Compute t h e  hand energy f ux i n  a given d i r e c t i o n  J ( f , 8 )  from t h e  mean- 1 square a c o u s t i c  p r e s s u r e  d a t a  <P ( f , 8 ) >  f o r  each subsonic  test  by usinq 
equat ion ( 3  . 

2. Convert t h e  frequency values  f t o  frequency parameter values  q with 
equat ion (59) .  

and 
“‘m 3.  Determine t h e  energy f l u x  coord ina tes  J,, for  s tandard  values  of 

8 t o  express  J(q,0) i n  t h e  b icubic  s p l i n e  form of equat ion (35) .  The s tandard  
node p o i n t  values  of 
found by s o l v i n g  equat ion  (35)  i n  a leas t - squares  sense for t h e  coordinates  
from the  given values  of q, 8, and a ( q , 8 )  for each tes t .  

n and en are shown i n  f i g u r e  3. These coord ina tes  are 

Jmn 
“‘m 

4. Compute t h e  p o w e r  l e v e l  LP from equat ion (36 ) ,  t h e  d i r e c t i v i t y  coord ina te  
l e v e l s  LDn f r o m  equat ion  ( 3 9 ) ,  t h e  spectrum coordina te  l e v e l s  LSm f r o m  equa- 
t i o n  (40 ) ,  and t h e  re la t ive  spectrum coord ina te  l e v e l s  Lgmn f r o m  equat ion (43) .  

5. Apply t h e  coord ina te  c o n s t r a i n t s  for  LSm and LDn as presented i n  
equat ions (50) and (52). 
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... - . .. .  

6. From the  tabula ted  values  of the  nozzle p re s su re  r a t i o s  pt l l /pm and 
~ ~ , ~ / p , ,  t o t a l  temperature r a t i o s  Tt , l  /T, and Tt 2/ToD, and a r e a  r a t i o  A2/A1, 
b u i l d  a Taylor ' s  s e r i e s  expansion f o r  each of the  36 no i se  l e v e l  coord ina tes  (P, 
5 values  of Dn, 5 values  of Sm, and 25 values  of cIzmn). Each series has the  form 
of equat ion (551, with the  source parameters xi def ined  as 

. 
x 1 = l og lO(p t , l / l  .365pmI 

x = logl o(pt, 2/1 .365pm) 2 

The d e r i v a t i v e  terms t o  be included i n  t he  series a r e  s e l e c t e d  based on the  
c l a s s i f i c a t i o n  codes f o r  each independent va r i ab le .  For example, it takes values  
of x1 i n  th ree  c l a s s i f i c a t i o n  i n t e r v a l s  with values  of x2, .... x5 i n  the  same 
i n t e r v a l  t o  compute 
i n  t h i s  manner. The Taylor ' s  s e r i e s  expansion is  then determined by so lv ing  equa- 
t i o n  (55)  with t h i s  subse t  of d e r i v a t i v e s  i n  a leas t - squares  sense f o r  each of t he  
36 noise  coordinates .  

2 a2A/axl . A subse t  of the  56 p o s s i b l e  d e r i v a t i v e s  i s  s e l e c t e d  

Once the  process  of bu i ld ing  the  noise  p red ic t ion  method i s  completed, the  fo l -  
lowing s t e p s  a r e  required t o  make a p red ic t ion  with t h i s  method: 

1. Ca lcu la te  t he  source parameters given by equat ion ( 6 9 ) .  

2. Ca lcu la te  the  36 noise  coord ina tes  using equat ion ( 5 5 ) .  

3 .  Compute the  values  of S,  D, and f o r  t he  des i r ed  values of q and 8 
from the  noise  coord ina tes  by using equat ions (321, (331, and ( 3 4 ) .  

4. Compute the SPL from equat ion (57 ) .  

Single  j e t  va l ida t ion . -  ~ _ _ _  ~~ This p r e d i c t i o n  method w a s  f i r s t  appl ied  t o  the  GALAC 
s i n g l e  j e t  da t a  set  as a test  and v a l i d a t i o n  of t he  method. Taylor 's  s e r i e s  
expansions of t he  36 noise  coord ina tes  €or  the  subsonic  cases were made by using the  
j e t  pressure r a t i o  pt/p, and t o t a l  temperature r a t i o  Tt/Tm. The fol lowing t a b l e  
i s  a summary of t he  s tandard dev ia t ions  of t he  th i rd-order  Taylor ' s  series f i t  t o  t he  
da ta :  

Acoustic power, lOLP, dB ........................... 0.8 
D i r e c t i v i t y  l e v e l  coord ina tes ,  1 OLD,, dR ........... 0.6 

Rela t ive  spectrum coord ina tes ,  10Lmn, dB ........... 1.5 
Power spectrum coord ina tes ,  10LSm, dB .............. 0.6 

Average s tandard devia t ion ,  dB ................... 1.1 

Based on these  Taylor ' s  s e r i e s  expansions,  p r e d i c t i o n s  w e r e  made of the  SPL f o r  
s e l e c t e d  tests i n  t he  GALAC da t a  base. In add i t ion ,  p r e d i c t i o n s  w e r e  made with the  
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s i n g l e  j e t  method ( r e f .  1 )  f o r  comparison. The proposed p red ic t ion  method should 
provide accuracy comparable t o  the  p red ic t ion  method of re ference  1 f o r  it t o  ha a 
f e a s i b l e  method t o  apply t o  coax ia l  j e t s .  

A sample of t he  r e s u l t s  of t he  s i n g l e  j e t  v a l i d a t i o n  of the  p red ic t ion  method is  
shown i n  f i g u r e  12. Resul ts  a r e  shown f o r  d i r e c t i v i t y  angles  9 of 120° and 150° 
and nominal t o t a l  temperature r a t i o s  Tt/T,, 
ve loc i ty  r a t i o  V/c,,. 
p r ed ic t ion  methods i s  comparable. With t h i s  success fu l  completion of the  va l ida t ion  
of t he  p red ic t ion  method, the  formulation of a c o a x i a l  j e t  p red ic t ion  method w a s  
pursued. 

of 1.0 and 3.5 f o r  var ious values of 
It can be seen from the  f i g u r e s  t h a t  the  accuracy of the  two 

Coaxial  j e t  va l ida t ion . -  The empir ica l  source no i se  p red ic t ion  method w a s  
appl ied  t o  the  e n t i r e  subsonic coax ia l  j e t  noise  d a t a  base and t o  each of t he  s i x  
d a t a  sets sepa ra t e ly .  F i r s t - ,  second-, and th i rd-order  Taylor 's  series expansions 
w e r e  made t o  compare the  e f f e c t  of order  on p red ic t ion  accuracy. A summary of t h e  
s tandard dev ia t ions  f o r  each of t he  coordinate  f i t s  f o r  t h e  Taylor 's  s e r i e s  
expansions i s  given i n  t a b l e  V I I .  Missing e n t r i e s  i n  the  t a b l e  correspond t o  cases  
where i n s u f f i c i e n t  parameter v a r i a t i o n  e x i s t s  i n  t h e  d a t a  base t o  eva lua te  a s e r i e s  
of t h a t  order .  It can be seen from the  t a b l e  t h a t  t he  th i rd-order  f i t  provides a 
s i g n i f i c a n t  gain i n  accuracy over t he  f i r s t -  and second-order f i t s .  In add i t ion ,  t he  
e r r o r  comparison i n d i c a t e s  t h a t  t he re  i s  a consis tency of q u a l i t y  of f i t  among d a t a  
sets. 

The p red ic t ion  method based on the  third-order  Taylor ' s  s e r i e s  expansion t o  a l l  
da ta  s e t s  i s  recommended f o r  use a t  t h i s  time. The data base provided s u f f i c i e n t  
d a t a  t o  eva lua te  43 t e r m s  of t he  Taylor ' s  s e r i e s  f o r  t he  36 noise  coordinates  as 
given by equat ion (55 ) .  Table V I 1 1  gives the d e f i n i t i o n  of the  t e r m s  f o r  a l l  
Taylor ' s  series and t a b l e  I X  gives  the  d e r i v a t i v e  values  f o r  each of the  
36 coordinates .  

Test  cases €or the  va l ida t ion  of the  noise  p red ic t ion  method f o r  the  subsonic 
coaxia l  j e t  were s e l e c t e d  from each da ta  s e t .  Comparisons were made between the  
th i rd-order  p red ic t ion  based on a l l  da t a  s e t s  and the  th i rd-order  p red ic t ion  based on 
the  s i n g l e  da ta  set  from which the  t e s t  case w a s  s e l e c t e d  t o  compare the  e r r o r  within 
d a t a  sets t o  the  e r r o r  among da ta  s e t s .  Test cases  were selecteA t o  i s o l a t e  t he  
e f f e c t s  of var ious parameters on the  noise  p red ic t ion .  

The e f f e c t  of primary j e t  temperature on the  sound pressure  l eve l ,  with da t a  
from the  NGTE da t a  se t  A, is  shown i n  f i g u r e  13. The d a t a  show a minor e f f e c t  of 
primary j e t  temperature over a range of t o t a l  temperature from 1.0 t o  3.1. Neither  
t he  absolu te  l e v e l  nor t he  s p e c t r a l  shape i s  s i g n i f i c a n t l y  a f f ec t ed  by primary j e t  
t o t a l  temperature. The agreement between d a t a  and p r e d i c t i o n s  is good and i n d i c a t e s  
t h a t  these  da t a  are s e l f - c o n s i s t e n t  and t h a t  the  NGTE d a t a  se t  A is c o n s i s t e n t  wi th  
t h e  e n t i r e  da t a  base. 

The e f f e c t  of primary j e t  ve loc i ty  on the  sound p res su re  l eve l ,  with da t a  from 
the  NGTE da t a  se t  B, is  shown i n  f i g u r e  14.  The da ta  show a s i g n i f i c a n t  e f f e c t  of 
primary j e t  v e l o c i t y  over a range of ve loc i ty  r a t i o  from 0.7 t o  1.4. The absolu te  
noise  l e v e l  i nc reases  with primary j e t  ve loc i ty  as expected. In addi t ion ,  t he  
s p e c t r a l  shape has a sharper  peak as  the  primary j e t  v e l o c i t y  increases .  The da ta  
and the ind iv idua l  se t  p r e d i c t i o n  agree q u i t e  w e l l ;  t h i s  i n d i c a t e s  a consis tency with 
the  da t a  set. The d i f f e r e n c e  between the  p red ic t ion  based on the NGTE da t a  set  €3 and 
the pred ic t ion  based on a l l  da t a  s e t s  i n d i c a t e s  t h a t  t he  NGTE da t a  se t  B tends t o  be 
lower i n  sound p res su re  l e v e l  than the  da t a  base as a whole. 
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The e f f e c t  of a r ea  r a t i o  on the  sound pressure  l e v e l ,  with d a t a  from the  NGTE 
da t a  set  C, is shown i n  f i q u r e  15. The da ta  show a s i g n i f i c a n t  decrease i n  t h e  sound 
p res su re  l e v e l  as the  a rea  r a t i o  inc reases  from 2.0 t o  8.0. This decrease is  t o  be 
expected s i n c e  the ou te r  stream is slower than the  i n n e r  stream. In add i t ion ,  t h e  
frequency a t  which the  peak sound pressure  l e v e l  occurs decreases  with inc reas ing  
area r a t i o ;  t h i s  i s  due t o  the  changing equiva len t  j e t  diameter  i n  the  S t rouhal  
number sca l ing .  Agreement between the  da t a  and p r e d i c t i o n s  is very good i n  t h i s  
case.  

The a b i l i t y  of t h i s  empir ica l  method t o  accu ra t e ly  p r e d i c t  noise  f o r  a wide 
range of test  condi t ions  is  demonstrated i n  f i g u r e  16 with the  LeRC da ta  set. A 
nea r -c i r cu la r  j e t  is  compared t o  two coax ia l  jets,  one with a h o t  and f a s t  i nne r  
stream and the  o the r  with a ho t  and f a s t  ou te r  stream. It i s  e a s i l y  seen t h a t  t he  
p r e d i c t i o n  method accura t e ly  p r e d i c t s  the  sound pressure  l e v e l  over t h i s  wide range 
of test cond i t ions  . 

The e f f e c t  of secondary j e t  temperature on the  sound p res su re  l e v e l  is  shown i n  
f i g u r e  17  by using da ta  from the  P & W  da t a  set. For a v a r i a t i o n  of t o t a l  temperature  
r a t i o  from 1.4 t o  3.1, with o the r  parameters held cons t an t ,  l i t t l e  v a r i a t i o n  i n  the  
sound pressure  l e v e l  i s  seen. Note t h a t  the  agreement between da ta  and p r e d i c t i o n s  
i s  e x c e l l e n t  i n  t h i s  f igure .  

The e f f e c t  of changing t h r u s t  on the  sound p res su re  l e v e l  i s  shown i n  f i g u r e  18 
by using the  SNECMA da ta  set. The p red ic t ion  method provides  accu ra t e  e s t ima tes  i n  
a l l  t h ree  cases  even though the  noise  l e v e l  v a r i e s  by more than 20 dB. 

The r e s u l t s  i n  f i g u r e s  1 2  t o  18 show t h a t  t he  empi r i ca l  source noise  p r e d i c t i o n  
method can be accu ra t e ly  and e f f i c i e n t l y  used t o  p r e d i c t  subsonic  j e t  noise .  Its 
a p p l i c a b i l i t y  t o  o the r  no ise  sources  is  y e t  t o  be determined. Furthermore, t h e  
Taylor ' s  s e r i e s  form f o r  t he  noise  coordinate  curve f i t  can be use fu l  f o r  f u r t h e r  
research  i n t o  the noise  problem, such as the  optimum c o a x i a l  j e t  a n a l y s i s  d i scussed  
i n  the  next s ec t ion .  

Optimum Coaxial J e t  

Expressing noise  coord ina tes ,  such a s  acous t i c  power, i n  a Taylor ' s  s e r i e s  form 
f a c i l i t a t e s  design s t u d i e s  of the  e f f e c t  of t he  j e t  flow s t a t e  parameters on the  
noise .  I n  p a r t i c u l a r ,  a s tudy  of the  coax ia l  b e n e f i t ,  def ined  he re in  as the  
d i f f e rence  i n  acous t i c  power produced by a coax ia l  j e t  and an equiva len t  c i r c u l a r  
j e t ,  can be performed r e a d i l y .  The equiva len t  c i r c u l a r  j e t  is  one which has the  same 
mass flow, momentum flow ( t h r u s t ) ,  and t o t a l  enthalpy flow as the  coax ia l  je t .  

A second-order Taylor 's  s e r i e s  expansion w a s  used f o r  t he  acous t i c  power P of 
Ve and t o t a l  t h e  e n t i r e  subsonic da t a  base i n  terms of the  equiva len t  j e t  v e l o c i t y  

temperature Te and the coax ia l  j e t  v e l o c i t y  r a t i o  V2/V1, t o t a l  temperature r a t i o  
T2/T1, and a rea  r a t i o  A2/A1. 
expansion. The sum of terms inc luding  only Ve o r  Te o r  both is the a c o u s t i c  
power of the  equiva len t  c i r c u l a r  j e t .  The negat ive sum of a l l  remaining t e r m s  is the  
coaxia l  j e t  b e n e f i t  def ined by the  r e l a t i o n  

There a r e  two types of terms i n  t h i s  s e r i e s  

&P = LP - LP = -E n x R '  R '  8' e (70)  
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where t h e  summation over R' inc ludes  a l l  c o e f f i c i e n t s  X as def ined  by equa- 
t i o n  (56) which c o n t a i n  t h e  parameters V2/V1, T2/T,, and' A2/A1. The r e s u l t i n g  
expression i s  w r i t t e n  i n  q u a d r a t i c  f o r m  as 

where 

x1 = loglO(ve/cm) (72a) 

x3 = loqlo(v2/v,)  ( 7 2 ~ )  

x5 = loglo(A2/A,) (72e) 

€or t h i s  data base are 
' , i j  

The p a r t i c u l a r  values  of A and 
I i  

{ A , i }  = fizg 
-4.23 

and 

0 0 I 4.26 -2.43 -4.23' 

------ 
19.32 

14.79 
-10.34 

-36.32 
-34.01 

-36.32 I -34.01 -15.44 
3.52 19.32 -10.34 

------ 0 ' -7.16 
I ------ ------- 

-7.16 , 33.78 

(73)  

(74)  

The matrices i n  equat ions  (73)  and (74)  are p a r t i t i o n e d  t o  s e p a r a t e  t h e  e q u i v a l e n t  

C o e f f i c i e n t s  of only x1 o r  x2 or both are i d e n t i c a l l y  zero  because of t h e  
d e f i n i t i o n  of c o a x i a l  b e n e f i t .  

j e t  terms x1 and x2  from t h e  c o a x i a l  j e t  r a t io  t e r m s  x3, x4, and x5 

S t a t i o n a r y  values  of ALP are found by s e t t i n g  t h e  pa r t i a l  d e r i v a t i v e s  with 
r e s p e c t  t o  xi e q u a l  t o  zero,  tha t  i s  
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This condi t ion  r e s u l t s  i n  a se t  of simultaneous l i n e a r  equat ions  f o r  t he  s t a t i o n a r y  
p o i n t  {xp } a s  fol lows : 

[Ali j ]  {xi} 0 = -{A i} 
I 

(76) 

This s t a t i o n a r y  po in t  may qive a n  optimum (maximum) value f o r  t he  coaxia l  b e n e f i t  
ALP. 

The c h a r a c t e r i s t i c s  of t he  s t a t i o n a r y  po in t  of t he  coax ia l  b e n e f i t  func t ion  are 
obtained by so lv ing  f o r  the  eigenvalues  of the  matr ix  [A 1. These eigenvalues and 
t h e i r  e igenvec tors  a r e  def ined by , i j  

(77)  [ A  I[x 1 = [x l [ A  1 
, i j  j a  j a  a 

With the da t a  i n  equat ion (741, t he  eigenvalues  are 

-55.83 0 0 0 
0 -1.34 . 0 0 
0 0 5.50 0 
0 0 0 20.84 0 ! 0 0 0 0 

[ A I  = a 

and the eigenvectors  a r e  

0.01 -0.92 0.39 -0.03 

-0.47 
0.41 ? 0.54 -0.02 -0.02 0.81 

[x 1 = 0.34 0.21 0.34 -0.40 
0.77 -0.07 -0.1 5 -0.40 I -0.01 -0.33 -0.84 -0.12 

j a  

The matr ix  of e iqenvec tors  i s  orthonormal so t h a t  i t s  t ranspose i s  equal t o  i ts  
inve r se  

(78)  

(79)  

where the  s u p e r s c r i p t  T i n d i c a t e s  transpose.  The p r o p e r t i e s  of the s t a t i o n a r y  
po in t  a r e  found by in t roducing  general ized coord ina tes  (a ), which a r e  amplitudes of 
the  eigenvectors ,  by the  t ransformation a 

0 
{aa} This transformation allows an e x p l i c i t  so lu t ion  f o r  t he  s t a t i o n a r y  po in t  

general ized coord ina tes  a s  
i n  
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In the  present  case,  t h i s  s o l u t i o n  is 

and the  t ransformation (eq. ( 8 1 ) )  g ives  the  s t a t i o n a r y  p o i n t  i n  the  o r i g i n a l  
coordinates  {xy} a s  

0 
7 

{x. } = ( 8 4 )  

This  s t a t i o n a r y  po in t  is  w e l l  ou t s ide  the  range of t he  p re sen t  da t a  base. The 
coordinate  x = -3.09 corresponds t o  an equiva len t  j e t  v e l o c i t y  Ve of about  
I O -  cm. 
coordinates  a s  

3 1 The quadra t i c  form f o r  t he  coaxia l  b e n e f i t  may be w r i t t e n  i n  general ized 

5 2 
0 2 1  5 

1 
2 ALP = -  1 a a  (a - a,) + y ha(a0) 

a= 1 a= 1 
(85)  

The value of t he  b e n e f i t  a t  t he  s t a t i o n a r y  po in t  is  the  second term i n  equation ( 8 5 ) .  
If  the s t a t i o n a r y  po in t  is a n  optimum, o r  maximum value,  then a l l  e igenvalues  h 
must  he negative.  The da ta  of equat ion (78) i n d i c a t e  t h a t  only two of the f i v e  
eigenvalues a r e  negat ive so t h a t  the  s t a t i o n a r y  p o i n t  i s  a five-dimensional saddle  
poin t .  Since the  s t a t i o n a r y  po in t  of the  quadra t i c  approximation i s  a saddle  p o i n t  
ou ts ide  the  range of t he  da t a  base,  there  appears to  be no gene ra l ly  optimum c o a x i a l  
j e t .  

a 

Figure 19 shows a contour p l o t  of the coax ia l  b e n e f i t  ALP a s  a func t ion  of 
v e l o c i t y  r a t i o  and temperature r a t i o  f o r  nominal values  of the  equiva len t  ve loc i ty ,  
equiva len t  t o t a l  temperature,  and a rea  r a t i o .  This contour shows a saddle  po in t  i n  
t he  v e l o c i t y  r a t i o  and temperature r a t i o .  Contour p l o t s  a t  o the r  values of equiv- 
a l e n t  ve loc i ty ,  equiva len t  temperature,  and area r a t i o  have s i m i l a r  saddle  charac- 
t e r i s t i c s .  The f i g u r e  shows the  genera l  t rend t h a t  i f  t he  v e l o c i t y  r a t i o  inc reases ,  
the coax ia l  b e n e f i t  i nc reases .  S imi la r ly ,  it shows t h a t  keeping the temperature 
r a t i o  near 1 i nc reases  the  coax ia l  bene f i t .  

Although a gene ra l  search  f o r  a n  optimum p o i n t  f a i l s ,  t he  search  technique is  
s t i l l  use fu l  f o r  design.  The j e t  s ta te  parameters are s u b j e c t  to  design c o n s t r a i n t s  
which reduce the  number of dimensions i n  the  opt imiza t ion  problem. If  c e r t a i n  param- 
eters are prescr ibed ,  then a s t a t i o n a r y  p o i n t  may e x i s t  i n  t he  space of t he  remaining 
parameters.  Pao ( r e f .  9) has es t imated contours  of equal  c o a x i a l  b e n e f i t  by p l o t t i n g  
values der ived from the  P&W da t a  base ( r e f .  4) i n  t he  space of equiva len t  v e l o c i t y  
and v e l o c i t y  r a t i o .  Pa0 es t imated  a maximum b e n e f i t  of about  4 dB a t  an equ iva len t  
ve loc i ty  Ve of about  1 . 8 ~ -  and a v e l o c i t y  r a t i o  of V2/V1 near 2.0. The area 
r a t i o  of t he  P&W d a t a  i s  near  I and the  jets were heated so t h a t ,  f o r  purposes of a 
simple comparison with Pao's r e s u l t ,  x2 and x5 may be set  t o  0 i n  the  p r e s e n t  
ana lys i s .  Pa0 d i d  n o t  cons ider  temperature r a t i o  so t h a t  x4 i s  set  t o  0 also. The 
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q u a d r a t i c  form (eq. (71 ) ) t hen  con ta ins  only x1 and x3. A f i t  t o  t h e  P & W  d a t a  set 
us ing  only  these  two parameters y i e l d s  

{ A . ] = (  I 1  -4.70 O ) 

1 [AIij] = [-608.11 -73.77 
68.1 1 

and it is understood t h a t  i and j t ake  on va lues  of 1 and 3 only.  

The e igenvalues  and e igenvec tors  of t h e  mat r ix  i n  equa t ion  (87)  are 

40.57 [ha] = 

and 

0.51 [Xia1 = 

(86) 

(87)  

(88)  

(89)  

The e igenvalues  i n  equat ion  ( 8 7 )  i n d i c a t e  a sadd le  p o i n t  r a t h e r  t han  a maximum. The 
gene ra l i zed  coord ina tes  of t h i s  s t a t i o n a r y  p o i n t  a re  

0.03 
{a:} = (-0.06) 

and the  a c t u a l  coord ina te s  are 

(90)  

The va lue  of t h e  b e n e f i t  a t  t h i s  s t a t i o n a r y  p o i n t  i s  0. 

The p l o t  of t h e  c o a x i a l  b e n e f i t  contours  from Pao ( r e f .  9 )  i s  reproduced i n  
f i g u r e  20. Note t h a t  i n s u f f i c i e n t  d a t a  e x i s t  t o  determine whether t h e  contours  
a c t u a l l y  c l o s e .  Pao used t h e  dashed l i n e s  t o  i n d i c a t e  t h a t  ex i s t ence  of an extremum 
w a s  specu la t ive .  The l o c a t i o n  of t h e  s t a t i o n a r y  p o i n t  g iven  i n  equat ion  (91)  
corresponds t o  V2/V1 7 1 .O, which i s  a t  t h e  lower l e f t  edge of 
f i g u r e  20. A contour of t h e  Taylor ' s  series expansion f o r  t h e s e  d a t a  i s  shown i n  
f i g u r e  21. By comparing t h e  two f i g u r e s ,  it can be seen  t h a t  t h e  contours  i n  f i g -  
u r e  20 can be i n t e r p r e t e d  t o  r e p r e s e n t  t h e  p o s i t i v e  lobe of t h e  sadd le  shown i n  
f i g u r e  21. The r e s u l t s  of both Pao and t h i s  paper c l e a r l y  show t h a t  a s i g n i f i c a n t  
c o a x i a l  b e n e f i t  occurs  f o r  t h e  h ighe r  va lues  of bo th  e q u i v a l e n t  v e l o c i t y  
v e l o c i t y  r a t i o  V2/V1. This a n a l y s i s  shows however t h a t  t h e r e  is  no maximum c o a x i a l  
b e n e f i t  w i th in  t h e  range of t h e  da ta .  A maximum can only  be de f ined  by t h e  a d d i t i o n  
of des ign  c o n s t r a i n t s  which l i m i t  t h e  j e t  s t a t e  parameters t o  some reg ion  of t h e  
contour plane.  Since t h e  c o a x i a l  b e n e f i t  func t ion  is  a saddle ,  t h e  maximum b e n e f i t  
must l i e  on t h e  boundary of t h i s  design region. 

Ve = 290 m / s  and 

Ve and 
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CONCLUDING REMARKS 

An unbiased r ep resen ta t ion  of a noise  da t a  base is  important  f o r  empir ica l  no i se  
p red ic t ion  and f o r  va l ida t ion  of t h e o r e t i c a l  p red ic t ion  methods. The method given i n  
the  p re sen t  paper is one o b j e c t i v e  approach t o  the  development of empir ica l  
p red ic t ions .  The a p p l i c a t i o n  of t h i s  method t o  the  p red ic t ion  of coax ia l  j e t  noise  
shows t h a t  it i s  a powerful and e f f i c i e n t  technique which can r ep resen t  a l a r g e  
number of phys i ca l  e f f e c t s .  

The combination of b icubic  s p l i n e s  f o r  acous t i c  f i e l d  va r i ab le s  and Taylor 's  
series f o r  flow s ta te  parameters provides  an economical scheme f o r  reducing a l a r g e  
noise  da t a  base t o  a reasonably s m a l l  t a b l e  of cons tan ts .  I n  t he  case of j e t  noise ,  
a la rge  da ta  base with over 100 000 da ta  elements was reduced t o  a t a b l e  of s l i g h t l y  
over 1000 cons tan ts .  The da ta  were reduced l i t e r a l l y  by a f a c t o r  of 100. 

This method of da t a  reduct ion and p red ic t ion  r equ i r e s  a l a rge  da t a  base. The 
d a t a  base must r e s u l t  from tests which a r e  w e l l  d i s t r i b u t e d  i n  the  space of s t a t e  
parameters. This means t h a t  each state parameter must be independently va r i ed  i n  the  
tes t  program which genera tes  t he  d a t a  base. If  t he  proper  combination of s ta te  
parameters is no t  a v a i l a b l e ,  then it w i l l  no t  be poss ib l e  t o  f i n d  a l l  d e r i v a t i v e s  i n  
t he  Taylor 's  s e r i e s .  This was the  case  i n  t he  a n a l y s i s  of coax ia l  j e t  noise  where 
only 43 of the  56 poss ib l e  terms could be found out  of a da t a  base which contained 
540 t e s t s .  A c a r e f u l l y  planned tes t  program would have required only 56 t e s t s ,  bu t  
the data  used were gathered from independent l abora to r i e s  i n  d i f f e r e n t  na t ions  s o  
t h a t  many cf the  po in t s  i n  the  parameter space were e s s e n t i a l l y  repeated while o the r s  
w e r e  overlooked. 

The methods used here  are se l f - eva lua t ing  i n  the  sense t h a t  t he  s tandard 
devia t ion  of t he  curve f i t s  to  the  d a t a  is found a t  t he  s a m e  t i m e  as the  curve f i t .  
The leas t - squares  norm used i n  the  curve f i t t i n g  process is a c l a s s i c a l  measure of 
agreement which r e s u l t s  i n  l i n e a r  equat ions f o r  the  cons tan ts  i n  the  curve f i t s .  In 
applying t h i s  method t o  coax ia l  j e t  noise ,  a s tandard dev ia t ion  of 1.2 dB was found 
f o r  the curve f i t  t o  the  da t a  base of 540 t e s t s .  

The Taylor ' s  s e r i e s  r ep resen ta t ion  of state parameters f a c i l i t a t e s  op t imiza t ion  
s t u d i e s  such a s  the  search  f o r  a m i n i m u m  noise  j e t  given a s  an example here in .  The 
second-order Taylor ' s  s e r i e s  def ines  s t a t i o n a r y  po in t s  and t h e i r  p rope r t i e s  through 
c l a s s i c a l  e igenvalue ana lys i s .  Although the  search  f o r  a n  optimum coax ia l  j e t  f a i l e d  
i n  t he  genera l  case  because the  s t a t i o n a r y  po in t  was a saddle ,  it s t i l l  def ined 
optimum d i r e c t i o n s  i n  the  s t a t e  space f o r  t he  reduct ion of c o a x i a l  j e t  noise .  The 
minimum noise  j e t  depends on design c o n s t r a i n t s  on the  j e t  s ta te  parameters. 

The ana lys i s  of t h i s  da t a  set  confirms the  concept t h a t  inverted-flow j e t s  a r e  
l e s s  noisy than equ iva len t  single-stream jets a t  the  h igher  equiva len t  v e l o c i t i e s .  
Within the range of da t a  used here ,  there  can be as much as 6 dB b e n e f i t  from t h e  
high-speed inverted-flow jet. On t he  o the r  hand, t he re  is  a low v e l o c i t y  region 
where conventional coax ia l  jets a r e  q u i e t e r  than t h e i r  equ iva len t  s i n g l e  jets. The 
low speed b e n e f i t  i n  t he  range of t he  da t a  is l imi t ed  t o  about 2 dl3. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
September 22, 1982 
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TABLE I.- INDEPENDENT DERIVATIVES OF FIVE-DIMENSIONAL 
TAYLOR'S SERIES 

I 1  
A 

F i r s  t de r i  v a t  i ve s 

A A, 2 A, 3 ,4 

, 
A i5 

A 1 1  
A'21 
"31 
"41 
'151 

A 22 
"32 
::42 
I52 

Second d e r i v a t i v e s  

A 33 
A'43 
A: 53 

;, 44 
154 A, 55 

A I l l  
A'21 1 
"31 1 
"41 1 
':511 - - -  

A 221 
A'321 
"421 
'1521 - - - -  
A 222 
"322 
"422 
'1522 

Third d e r i v a t i v e s  

A 331 
"431 
'1531 

A 332 
"432 
':532 

A 333 
A'433 
A:533 

A 441 
'1541 - - - -  

A 442 
'1542 

A 443 
A: 543 

', 551 - - - - -  

A, 552 

h1553 

A 444 
A: 544 A, 554 
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TABLE 11.- LINEAR INDEX TO DERIVATIVES 

- 
R 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

- 
i 

0 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
1 
2 
3 
4 
5 
2 
3 

I 

- 

- 

j - 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
1 
1 
1 
1 
1 
2 
2 - 

.. .- - 

k 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 

~. 

[DR! /Pal 
_-_ . - . . 

1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
2 
1 
1 
1 
2 
1 
1 
2 
1 
2 
6 
2 
2 
2 
2 
2 
1 

__ 

R 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
so 
51 
52 
53 
54 
55 
56 

- 

- 
i 

4 
5 
3 
4 
5 
4 
5 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
3 
4 
5 
4 
5 
5 
4 
5 
5 
5 

- 

- 

~ 

j - 
2 
2 
3 
3 
3 
4 
4 
5 
2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
3 
3 
3 
4 
4 
5 
4 
4 
5 
5 
c_ 

__ 

k 

1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
5 

- 

- 

-. 

[DR! /PA] 

1 
1 
2 
1 
1 
2 
1 
2 
6 
2 
2 
2 
2 
1 
1 
2 
1 
2 
6 
2 
2 
2 
1 
2 
6 
2 
2 
6 

_ - ~  _. 

~ _ _ ~  
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TABLE 111.- COAXIAL JET N O I S E  DATA BASE 

Area 
r a t i o  

* 
U 

0.75 

1.20 

1 .50 

2.00 

- 
3.33 

3.52 

4.00 

6.00 

8.00 

Source 

GALAC 
NGTE A 
NGTE B 
NGTE C 
P & W  
L e R C  
SNECMA 

P&W 

P & W  
L e R C  

NGTE C 
L e R C  

NGTE A 
NGTE C 
L e R C  

L e R C  

SNECMA 

NGTE A 
NGTE B 
NGTE C 

NGTE A 

NGTE C 
Total  

~ 

T e s t s  
~ 

65 
29 

3 
55 
25 
21 

4 

58 

11 
35 

74 
22 

50 
82 
33 

35 

31 

50 
13 
56 

50 

40 
842 

~ 

~ 

- 

* 
U indicates undefined. 

19 
7 
8 
8 
8 
8 

15 

8 

15 

7 
8 
8 

7 

8 

1/3-octave I spL 
bands 

24 
23 
24 
27 
30 
30 
28 

456 
161 
192 
21 6 
240 
240 
420 

21 6 
240 
t 

23 161 
27 21 6 
30 240 

30 I 240 

192 
21 6 
I 

23 I 1 6 1  

27 I 216 
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TABLE 1V.- AREA R A T I O  A2/A1 C L A S S I F I C A T I O N  

Lower  l i m i t  

> I  .ooo 
1.168 
1.365 
1.594 
1.863 
2.1 76 
2.542 
2.970 

Index 

U 

1 
2 
3 
4 
5 
6 
7 

-------. 

Geometric mean 

1.081 
1.263 
1.475 
1.723 
2.01 3 
2.352 
2.748 
3.210 

~ 

Lower l i m i t  Geometric mean I 

Lower l i m i t  

0 

0.088 
0.1 77 
0.354 
0.707 
1.414 
2.828 
5.657 

-------------- 

Geometric mean 

U p p e r  l i m i t  

m 

_----------__ 
0.177 
0.354 
0.707 
1.414 
2.828 
5.657 

11.314 

TABLE V.- TOTAL PRESSURE RATIO pt/pm C L A S S I F I C A T I O N  

[ y  = 1.351 

Index 

1 
2 
3 
4 
5 
6 
7 
8 

U p p e r  l i m i t  

1 .I68 
1.365 
1.594 
1.863 
2.176 
2.542 
2.970 
3.470 

TABLE VI.-  TOTAL TEMPERATURE R A T I O  Tt/T, C L A S S I F I C A T I O N  

I?- 0.707 
1.414 
2.828 

1 
2 
4 

U p p e r  l i m i t  

1.414 
2.828 
5.657 
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!ABLE V I 1 . -  STANDARD D W I A T I O N S  O F  TAYLOR'S S E R I E S  EXPANSIONS 

I 

I 
A 1  1 

da ta  s e t s  
L e R C  

da ta  se t  
NGTE 

da ta  s e t  A 
NGTE 

da ta  s e t  B 
SNECMA 

data s e t  
I D e s c r i p t i o n  

I I Third-order f i t :  
A c o u s t i c  p o w e r  
O v e r a l l  d i r e c t i v i t y  
P o w e r  s p e c t r u m  
R e l a t i v e  s p e c t r u m  
Tota l  

1.6 
0.9 
1.1 
1.2 
1.2 

1.4 
1 .1 

1.5 

1 .o 
0.5 
0.5 
0.5 
0.5 

1.2 
0.3 

0.5 

1.5 
0.6 
1.1 
0.9 
0.9 

0.7 
0.8 
0.8 
1 .1 
1 .o 

Second-order f i t :  
A c o u s t i c  p o w e r  
O v e r a l l  d i r e c t i v i t y  
P o w e r  s p e c t r u m  
R e l a t i v e  s p e c t r u m  
T o t a l  

2.2 
1 .o 
1.3 
1 .4 
1.3 

1.7 
1 .1 
1.3 
1 .6 
1.5 

1.5 
0.6 
0.6 
0.5 
0.6 

1.4 
0.3 

0.6 

2.4 
0.7 
1.1 
1 .o 
1.1 

0.7 
0.2 
0.4 
0.3 
0.3 

0.8 
1 .1 
1 .o 
1.3 
1.2 

1.6 
2 .o 
1.5 
1 .6 
1.7 

First-order f i t :  
A c o u s t i c  p o w e r  
O v e r a l l  d i r e c t i v i t y  
P o w e r  s p e c t r u m  
R e l a t i v e  s p e c t r u m  
T o t a l  

3.5 
1.4 
2.0 
1 .7 
1.8 

2.4 
1.3 
1.5 
1.7 
1.6 

2.8 
0.9 
0.9 
0.7 
0.9 

3.1 
0.5 

1.3 

3.9 
0.8 
1.6 
1.3 
1.5 

0.8 
0.2 
0.4 
0.3 
0.4 

L 

35 
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TABLE V I I 1 . -  DERIVATIVE MULTIPLIERS 

o e r i v a t i v e  
index ,  L 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11  

1 2  

1 3  

1 4  

15  

1 6  

17 

18 

19 

20 

21 

2 2  

23 

24 

25 

26 

27 

2 8  

.- 

D e r i v a t i v e  
m u l t i p l i e r ,  

1 

x1 

x2 

x3 

x4 

x5 

x, x1 /2 

x1 x2 

x1 x3 

x1 x4 

x1 x5 

x2x2/2 

x2x3 

x2x4 

x2x5 

x3x3/2 

x3x4 

x3x5 

x4x4/2 

x4x5 

x5x5/2 

Xi /6 

x1 x1 x2/2 

x1 x1 x3/2 

x1 x1 x4/2 

x1 x1 x5/2 

x1x2x2/2 

x1 x2x3 

.- - 

D e r i v a t i v e  
i n d e x ,  L 

- 
29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43  

44 

45 

46 

47 

48 

49 

50 

51 

52 

53  

54 

55 

56  
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TABLE 1X.- DERIVATIVE VALUES 

b 
Index, II 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

P 

-44.7 
64.9 
52.8 
27.9 
14.4 
-1.4 

-21 1.3 
-409.9 
135.8 
-80.9 
-43.1 
134.6 

-1 35 -6 
75.3 
51 .4 
23.6 

-19.1 
1 .o 

44.5 
0 

-1 3.3 
-1 326.3 
5 145.7 
-2 052.9 

0 
406.0 
806.5 
844.6 
0 

-388.0 
-223.4 

0 
85.5 
0 
0 

-28.8 
-15 062.4 

116.1 
0 

609.1 
221 .6 

-1 93.2 
-214.3 
-51.9 
0 
18.9 
0 
58.7 
33.2 
18.0 
84.5 
-6.6 
0 
0 
0 
0 

-1 9 -6 
-85.2 
-11 -6 
-18.8 
-9 .o 

-1 2.3 
83.4 

-1 34.8 
-1 36 -9 
-94.2 
44.4 
135.5 
-2.5 
-21.6 
-29 -4 
114.1 
13.7 

-28.5 
-63.9 
0 

-0.8 
2524.2 
-263.4 
1370.9 

0 
-23.9 
518.1 
-63.7 
0 

247.5 
-101 .6 

0 
10.0 
0 
0 

-73.5 
-974.4 
138.1 
0 

-225.9 
-235 .O 
152.9 
100.5 
520.5 
0 

-11.5 
0 
64.6 

-1 59.1 
100.6 
-79.1 
-15.4 
0 
0 
0 
0 

Derivat ives  values ,  AI, for 10 loglo of - 
D(60) 

-1 7.7 
-72.3 
-1 0.4 
-19.6 
.-lo .2 
-12.0 
132.3 

-1 14.7 
-96 -2 
-62.6 
25 -5 
119.3 
-6.3 
-13.7 
-20.7 
76.8 
4.3 

-22.9 
-63.1 
0 
-2.9 

2825.1 
-1 31 .5 
839.6 
0 

-49.3 
564.1 
-28.9 
0 

187.9 
-1 06.8 

0 
2.5 
0 
0 

-46.4 
-989.6 
152.2 
0 

-21 2.0 
-206.2 
122.3 
69.6 
423.5 
0 

-18.0 
0 
44.8 

-1 11.8 
68.6 

-60.7 
-15.6 
0 
0 
0 
0 

O(90) 

-15.1 
-44.9 
-9.3 
-20.9 
-1 3.1 
-1 2.6 
264.7 
-81.9 
-1 3.2 
13.0 
3.2 

105.2 
-1 6.8 
-3.9 
-7 .O 
15.0 

-1 2.6 
-10.0 
-51 .6 
0 

-4.2 
2446.1 
198.1 

-354.7 
0 

-97.4 
535.4 
40.6 
0 
82.2 

-1 68 -5 
0 

-1 3.9 
0 
0 

-17.5 
-1102.3 
161.4 
0 

-193.3 
-1 84.3 

76.9 
22.7 
274.5 
0 

-27.4 
0 
-0.6 
-34.9 

3.6 
-33.7 
-23.9 
0 
0 
0 
0 

D(120) 

-10.1 
-27.7 
-6.4 
-16.5 
-13.1 
-1 1.7 
214.7 
-13.5 
35.9 
11.9 
7.5 
25.1 

-23 -8 
13.1 
-3.7 
19.1 

-1 8.2 
-0.7 
-51 .O 
0 

-9 .o 
3722.3 
77.3 

-807.3 
0 

-114.0 
185.1 
50.9 
0 

-43.3 
-277 .O 

0 
-27.8 
0 
0 

-41.9 
-1 502 -9 
-18.9 
0 

-73.0 
7.6 

-33.3 
-31 .5 
148.5 
0 

-34.8 
0 
-1.6 
-23 -8 
32.5 

-1 5 .O 
-37.4 
0 
0 
0 
0 

I( 150) 

-5.6 
11.5 
0 
-4.5 
-9.8 
-7.5 

-183 -5 
38.7 
2.6 
13.4 

-23 -2 
-108.5 
-11.2 
-28.8 
-23 .O 
-35.4 
-17.5 
-31 -3 
10.2 
0 

-1 9.9 
1574.2 
-302.6 
-355.7 

0 
51.6 
40 -5 
-65.3 
0 

-30.0 
-99.4 
0 

-29.1 
0 
0 
10.5 

348 .o 
166.4 
0 

1 1  2.5 
25.3 
-21.9 
8.9 

-244.1 
0 
17.8 
0 

-26.9 
2.6 

-25.7 
-1.3 
40.1 
0 
0 
0 
0 

:(-1 .O) 

-14.1 
9.7 
8.3 
1.7 
2.9 

-7.2 
-1 2 -7 
106.2 
-40.6 
63.5 

-1 2.2 
7.6 
32.2 

-14.1 
43.5 
-55.4 
17 .o 
-1.8 

-69 .O 
0 
14.4 

-5289.4 
.2658.9 
290.5 
0 

-329.0 
1294.9 
108.4 
0 

-1 5.6 
233.1 
0 

-56.2 
0 
0 
0 

-5794.5 
177.7 
0 

-173.8 
17.1 
111.2 
-0 -5 
368.3 
0 
0 
0 

-197.9 
51 .4 

-1 32.7 
-23.7 
0 
0 
0 
0 
0 

-9.5 
4.5 

-8.8 
5.6 

-2.9 
0.2 

-291 .7 
155.5 
-48.5 
-3.2 

-1 3.2 
-222.2 
17.9 
4.4 
20 .o 
-31 .O 
9.8 

-1.1 
-28.3 
0 

-3 .O 
2337.2 

-1 077.2 
186.0 
0 

-87.6 
1190.1 
-96.2 
0 

-108.7 
274.6 
0 

-23.1 
0 
0 
0 

-1 153.7 
402.3 
0 

275.3 
81.8 
-96.7 
8.4 

168.4 
0 
0 
0 

-1 .o 
-1 4.2 

7.0 
22.6 
0 
0 
0 
0 
0 

-1 5.8 
8.0 
-2.4 
-7.1 
-1.8 
5.5 

333.1 
8.3 

110.0 
45.0 
13.1 
51.8 

-1 5 -7 
-8.1 

-1 5 -2 
12.8 

-1 3.4 
-1.9 
33.2 
0 

-7 .o 
,1131 -7 
288.4 
1144.1 

0 
-88.0 

-705.5 
117.7 
0 

-1 2.7 
-21 2.1 

0 
-65.7 
0 
0 
0 

1770.6 
-82.5 
0 

-135.0 
-27 -4 
64.6 
23.8 

-179.8 
0 
0 
0 

-31.4 
-31 .7 
92.4 

-1 7.4 
0 
0 
0 
0 
0 
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Index, J 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
1 3  
14 
15  
16  
17 
1 8  
19  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

TABLE 1 X . -  Continued 

-18.7 
-1 2.7 

26.6 
-14.8 

0.7 
5.6 

517.2 
-176.4 

84.2 
30.1 
36.9 

220.9 
-27.5 

41.7 
-5.2 
46.1 

-26.4 
12.1 
0.6 
0 

-3.7 
-154.8 
1462.1 
-203.6 

0 
-650.5 
-443.6 
-123.8 

0 
62.5 

-1 61 .9 
0 

-90.2 
0 
0 
0 

2005.7 
49.6 
0 

-348.7 
-542.2 

142.9 
16.8 

-42.7 
0 
0 
0 

-53.3 
-12.4 

22.8 
-1.4 
0 
0 
0 
0 
0 

- 
S ( 1  .O1 

-24.5 
-53.1 

3.c 
-16.2 

6.9 
1 . E  

250.E 
-347.1 

13.3 
-60.4 
-32.6 
281.2 
-38.7 
-38.4 
-55.6 

95.4 
2.2 

-21 .8 
64.5 

0 
-12.6 

1728.9 
1999.7 
-118.3 

0 
1014.7 
-394.3 
-94.7 

0 
320.2 

-158.0 
0 

126.0 
0 
0 
0 

1561.4 
426.7 

0 
240.0 

,443.6 
228.5 

89.2 
288.3 

0 
0 
0 

-3.5 
-46.9 
203.5 
-75.5 

0 
0 
0 
0 
0 

~ 

P(-1.0,301 

-3 .O 
-24.0 
-15.7 

4.0 
6.1 
4.5 

340.2 
159.5 
137.9 

5.9 
51.7 

-102.3 
-6.4 
-7.0 

-17.4 
-56.4 
-22.5 

11.0 
37.2 

0 
-7.7 

14 897.0 
-714.3 
-418.6 

0 
-1 030.2 

-319.3 
169.2 

0 
-130.2 
-663.7 

0 
-199.0 

0 
0 
0 

4 723.1 
58.7 
0 

-90.1 
331.5 
-18.7 
-44.5 

-422.3 
0 
0 
0 

-77.8 
67.4 

-193.1 
5.1 
0 
0 
0 
0 
0 

Derivat ives  v a l u e s ,  Ale, for 10  l o g l o  of - 
- 
P (  -0.5,30 

-3.9 
8.4 
0.6 

-3.8 
3 .? 
4.1 

287.7 
121.2 

23.7 
18.0 
14.7 

172.0 
24.1 
-5.6 
13.6 

-18.4 
-10.6 

15.6 
-4.2 
0 

-3.0 
-1466.0 
-1 230.3 

425.6 
0 

-710.1 
-371.6 
-115.3 

0 
-114.6 

56.1 
0 

-119.0 
0 
0 
0 

2228.6 
-261 .O 

0 
-423.0 
-219.9 

90.7 
-97.9 

-332.2 
0 
0 
0 

42.1 
38.1 

-1 11.4 
7.1 
0 
0 
0 
0 
0 

P(O.0,30' 

3.9 
4.0 
2.5 
0.6 
2.1 

-0.8 
-255.9 

58.0 
-8.2 

3.1 
-15.5 
-99.2 

0.7 
20.9 
29.1 

-60.9 
1.7 

10.4 
-39.2 

0 
-0.4 

-581.5 
129.4 
603.0 

0 
103.8 
499.2 

-112.5 
0 

-94.8 
468.4 

0 
-79.0 

0 
0 
0 

-2045.6 
159.5 

0 
95.3 

-58.8 
-45.6 
-25.6 

13.1 
0 
0 
0 

-63.7 
9.9 

-83.0 
33.5 

0 
0 
0 
0 
0 

P (0 .5,30 

3.1 
12.2 

-12.9 
9.3 

-2.1 
-4.8 

-247.9 
68.9 
35.0 
-8.3 

-47.2 
-209.4 

-22.1 
-45.4 

3.5 
-25.1 

17.1 
-1 1.6 

35.8 
0 
1 .o 

-271 0.2 
-79.3 

-1625.4 
0 

806.4 
-178.1 

348.7 
0 

-76.1 
193.1 

0 
126.1 

0 
0 
0 

2159.2 
280.1 

0 
560.9 
175.3 

-128.5 
-22.5 

-131.4 
0 
0 
0 

86.0 
39.2 

4.5 
7.7 
0 
0 
0 
0 
0 

P ( l  .0,30 

4.9 
50.9 
-9 .O 
18.6 
-6.1 
-2.2 

-21 2.7 
128.5 
-63.8 

1 .o 
-9.4 

-340.2 
16.8 

-18.3 
14.8 
65.9 
1 1  .o 
-2.5 

-1 1.9 
0 
0 .8 

-5637.2 
285.6 

-1 209.4 
0 

236.9 
-341.6 
-153.0 

0 
-57.2 

-682.2 
0 

115.3 
0 
0 
0 

-3284.9 
205.6 

0 
419.2 
228.7 

-300.8 
-57.6 

-122.8 
0 
0 
0 

280.7 
6.7 

30.1 
40.3 

0 
0 
0 
0 
0 

Q(-1.0,60 

-3.4 
-21.4 
-16.4 

4.2 
2.9 
5.9 

325.2 
163.3 
96.1 

9.0 
67.5 

-50.5 
1.3 

-10.3 
-1 1.6 
-31.7 
-1 1.6 

11.9 
11.2 

0 
-0.2 

12 303.9 
-1 191.5 

-215.0 
0 

-1 394.5 
21 1.2 
-1 1 .o 

0 
-94.2 

-477.1 
0 

-196.2 
0 
0 
0 

2 028.6 
-118.5 

0 
-441.7 

435.9 
-95.3 
-1 1.5 

-294.2 
0 
0 
0 

-42.4 
-0.9 

-125.9 
5.4 
0 
0 
0 
0 
0 

P( -0.5,60: 

-3.4 
4.0 
0.6 

-2.0 
2.6 
1.5 

21 7.9 
86.1 

5.0 
13.4 
7.9 

116.8 
19.7 
-3.0 

7.3 
-13.7 

-3.5 
7.0 

-4.6 
0 

-0.3 
-1938.7 
-1015.2 

302.9 
0 

-401.4 
-229.8 
-161.5 

0 
-47.8 

91 .9 
0 

-53.2 
0 
0 
0 

2186.2 
-167.7 

-282.6 
-21 3.7 

61.2 
-63.3 

-217.4 
0 
0 
0 

39.5 
30.3 

-79.1 
-1.2 

0 
0 
0 
0 
0 

0 

L 
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TABLE 1X.- Continued 

1 Index, I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
14 
15 
1 6  
17 
1 8  
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42  
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
5 4  
55 
5 6  

[O .0,60) 

3.7 
5.0 
1 .o 
2.6 
1 .o 

-1.9 
-257 -8  

71.6 
-22.9 

6.5 
-1 6.5 

-1 14.2 
2.4 

17.1 
24.1 

-52.6 
5.3 
5.8 

-35.9 
0 
1 .o 

-656.7 
-67 .O 
470.4 

0 
81 .o 

553.4 
-98.8 

0 
-88.1 
428.8 

0 
-46.4 

0 
0 
0 

-1 671 .6 
170.4 

0 
143.9 
-33.8 
-58.0 
-1 4 -5 

44.9 
0 
0 
0 

-41.5 
17.6 

-73.0 
25.2 
0 
0 
0 
0 
0 

(0.5,60) 

3.6 
13.7 

-1 3 -5 
9.6 

-1.4 
-4.1 

-278 .O 
74.1 
18.6 
-9.0 

-40.2 
-164.6 

-1 6 -2 
-39.0 

3.3 
-38.0 

16.2 
-11.0 

26 .O 
0 
1.5 

-1986.1 
110.9 

-1134.5 
0 

626.9 
-1 65 .O 

351.1 
0 

-94.1 
202.8 

0 
98.2 

0 
0 
0 

1699.6 
81.2 
0 

447.4 
253 .O 
-97.9 
-10.7 

-1 15.2 
0 
0 
0 

47.7 
30.4 

-16.9 
2.6 
0 
0 
0 
0 
0 

Derivatives  values,  AI, for 10 loglo of - 
(1  .0,60) 

5.7 
45.2 
-6 .1 
13.7 
-6.1 

2.1 
-93.8 
124.5 
-9.4 
29.5 
26.6 

-234.2 
18.9 

3.0 
21.7 
17.1 

0.5 
10.4 

-42 -9 
0 

-1 .1 
-3945.2 

49.7 
-753.2 

0 
-51 3.1 

-40.2 
-11.7 

0 
-107.8 
-528 -5 

0 
-39.7 

0 
0 
0 

-4729.8 
-132.7 

0 
64.0 

350.8 
-220.8 

-43.2 
-0.4 

0 
0 
0 

135.1 
-4.8 

-52.5 
42.6 
0 
0 
0 
0 
0 

2(-1.0,90) 

-4.6 
-1 2.9 
-13.7 

4.1 
-2.1 

4.2 
73.7 

130.9 
-11.8 
-28.1 

31 .1 
-1 30.1 

-4.4 
-0.5 

-1 3.3 
19.4 
6.3 
4.2 
5.4 
0 

-1 .1 
5555.3 
-940 -5 

324.6 
0 

-545.6 
104.6 

-319.1 
0 

-25.3 
-1 3.5 

0 
-31 -6  

0 
0 
0 

2504.9 
86.9 
0 

-91.6 
246.5 

-229.3 
13.8 

-1 70.9 
0 
0 
0 

111.3 
-59.8 

29.5 
28.6 
0 
0 
0 
0 
0 

-2.4 
-5.6 

0.3 
1.4 
0.8 

-1.4 
129.8 

37.8 
-30.4 

12.6 
13.8 
58.8 
19.4 
-2.2 

0.2 
-7.2 
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Di  r e c t i  on 
o f  fl i ght 

Spherical coordinates 

r = \Ix2 + y2 + z 2 

8 = arccos x/r 

4 = arctan y/z 

Cartesian coordinates 

x = r cos 8 

y = r sin 8 sin  4 
z = r sin 8 cos $I 

Fiqure 1.- Spherical coordinate system used for empirical noise prediction. 
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I SECONDARY JET TOTAL TERPERATURE RATIO 

0 Circular j e t  

F igure  5.- Jet no i se  t e s t  p o i n t s  for  GALAC data .  
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0 Circular j e t  0 Area r a t i o  = 2.0 j e t  

Fiqure 6.- J e t  noise  test  poin ts  for NGTE da ta  s e t  A .  
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SECONDARY JET PRESSURE RATIO 
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I SECONDARY JET TOTAL TEHPERATURE RATIO 
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0 Area r a t i o  = 4.0 j e t  

Fiqure 6.- Continued. 
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0 Area ratio = 6.0 jet 

Fi qure 6. - Conc luded . 
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0 Circular j e t  0 Area r a t i o  = 4.0 j e t  

Fiqure 7.- Jet noise  t e s t  poin ts  for NGTE da t a  set B. 
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Fiqure 8.- Jet noise  t es t  po in t s  for NGTE d a t a  set  C. 
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0 Area r a t i o  = 1.9  and 2.0 j e t s  

Figure 8.- Continued. 
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Figure 8.- Continued. 
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F i q u r e  8.- Concluded. 
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Figure 9.- J e t  no i se  t e s t  p o i n t s  f o r  P&W data. 
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Figure 11.- J e t  noise t e s t  points for SNECMA data. 
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Figure 13.- Effect of primary j e t  temperature on sound pressure level for a coaxial 
j e t  w i t h  NGTE data set A. V, = 0 . 6 ~ ~ ;  V2 = 0 . 2 ~ ~ ;  T t ,2  = l.OT,; A2/A1 = 6.0; 
e = 1200. 
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Fcgure 14.- E f fec t  of primary j e t  v e l o c i t y  on sound pressure  level fo r  a coaxial j e t  
w i t h  NGTE data set B. V2 = 0 . 9 ~ ~ ;  Tt,l = 2.4Tw; Tt,2 = l.OTw; A2/A1 = 4.0; 
0 := 1200. 
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Figure 15.- Effect  of area r a t i o  on the  sound pressure l eve l  for a coaxial  j e t  with 
NGTE data s e t  C. V = 1 . 5 ~ ~ ;  V = 0.9C ; T = 2.8T ; T = 1.OT ; 1 2 0) t l l  t 1 2  OD 

e = 1200. 
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Figure 16.- Predic t ions  of sound pressure l e v e l  f o r  widely separated states of 
coaxia l  j e t  with LeRC data  set. A2/A, = 2.0; 8 = 120'. 
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Figure 17.- Effect  of secondary j e t  t o t a l  temperature on sound pressure level  
f o r  coaxial  j e t  with P&W data  set. V 1 = 1 . 3 ~ ~ ;  V 2 = 1 . 0 ~ ~ ;  T t, 1 = 2.8T OD ; 

A ~ / A ~  = 0.75; e = 1200. 



-I I 

!il r 

0 Data 

- E q i r i c a l  source noise prediction 
based on a l l  data sets 

--- Empi ri  cal source noise prediction 
based on SNECMA data only 

-r n 
v) 90 

d 
6 
a 80 

- 

70 

- 
1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1  

Frequency. 1. Hz Frequency. f. Hz 

-I 

L 
3 UI 
v) 
0 

U U 
C C 

0 

2 70 - 
3 a 
G w 

60 50 
160 315 630 1250 2500 5000 loo00 20000 160 315 630 1250 2500 5600 10000 2ooo0 

Figure 18.- E f fec t  of t h r u s t  on sound pressure l e v e l  f o r  coaxial  j e t  with 
SNECMA data  set .  A2/A1 = 3.5; 8 = 120'. 
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Figure 20.- Contour p l o t  of coaxial  benef i t  from P&W data  s e t  from Pa0 (ref. 9). . 
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Figure 21.- Contour plot  of coax ia l  b e n e f i t  from P&W d a t a  set using the 
empir ica l  source noise  p red ic t ion  method. 
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